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Abstract
How animals may respond to rapid change in climatic conditions and increases in 
the frequency of extreme weather events is a major question in ecology. Nomadic 
waterfowl in arid regions provide an excellent model with which to address this 
question as they must cope with rapid fluctuations in environmental conditions 
driven by irregular flooding and drought. Nomadic waterfowl exploit ephemeral 
wetlands in arid environments and provide valuable insights into the spatial and
temporal patterns of movement in nomadic species, the response of birds to rapid 
environmental change, behavioural flexibility of avian movements and the ability 
of birds to locate seemingly unpredictable water bodies in vast arid landscapes. 
Currently much of our understanding of behavioural flexibility of avian movement 
comes from migration events in seasonally predictable northern hemisphere 
ecosystems. 
In this thesis I deployed 20 GPS transmitters to track Pacific black duck (Anas 
superciliosa) in semi-arid central Australia. I exploited La Niña conditions which 
brought extensive flooding, so allowing a rare opportunity to investigate their 
temporal and spatial patterns of movement and determine if weather and other 
environmental factors could predict initiation of long distance movement toward 
freshly flooded habitats. I also deployed 18 GPS transmitters on the same species 
in an agricultural landscape in South Australia to allow for comparison of 
movement ecology in two strikingly different landscapes.
My analyses reveal that Pacific black duck move throughout the night, beyond 
the expected pattern of movement at dawn and dusk. Birds also move further at
night than during the day and the response of these birds to local flooding brought 
by La Niña conditions manifests itself as a sharp increase in nocturnal movements.
Abstract
xiv
I identify three phases of movement from the telemetry data: sedentary, 
exploratory and long distance oriented movement. Analysis of movement 
behaviour at various scales reveals that Pacific black duck do not engage in 
landscape level searching behaviour but instead fly rapidly and directly to specific 
locations.
I use machine learning methods to determine the ability of meteorological and 
remote sensed landscape variables to predict transitions between these phases. My 
findings show that initiation of exploratory movement phases is correlated with
fluctuations in local weather conditions and accumulated rainfall in the landscape. 
Initiation of long distance movement phases was found to be highly individualistic 
and influenced by local weather conditions. 
In the arid landscape, movements of Pacific black duck appear to be more 
coordinated than birds in the agricultural landscape. Pacific black duck living in a 
more homogenous landscape with abundant and stable resources move over a
smaller total area but with a higher degree of individual variation in their use of 
that area. These results demonstrate contrasting levels of mobility and co-
ordination among individual birds of the same generalist species living in 
landscapes with differing resource distributions.
Overall this thesis reveals how behaviourally flexible individuals utilise 
information on local conditions to respond adaptively to changes in resource 
distribution across vast distances.  I show how a common waterfowl species from 
a globally distributed genus can utilise a range of movement behaviours to cope 
with the rapid environmental change of unpredictable arid landscapes as well as 
more stable and homogenous agricultural environments. My findings suggest that 
individual movement decisions of nomadic birds are influenced by integration of
Abstract
xv
information on multiple weather variables and habitat availability, operating at
different temporal and spatial scales. 
Terms Used
xvi
Terms Used
x Migration:  I use a generalised definition of migration as a regular, 
long-distance pattern of movement, most commonly observed in seasonal 
environments, as used by (Dingle & Drake 2007; Newton 2010). In this 
thesis, migration is usually considered at the level of individual movement 
decisions as distinct from a description of population level or species level 
outcome of individual behaviour, such as migratory flyways. 
x Nomadism: There is no widely accepted definition of what 
constitutes nomadism. However, nomadism is characterised by long 
distance movements that vary among individuals of a species over a given 
time period or within individuals across different time periods. In this 
thesis, a definition is used that combines those of Mueller and Fagan 
(2008) and Roshier and Reid (2003), and nomadism is described as a
movement pattern which occurs at broad scales (potentially covering large 
proportions of the animal’s lifetime range) but does not display the 
temporal or spatial regularity of migration. With nomadism, there are no 
clearly defined breeding grounds and extended long distance movements 
can, within certain constraints, occur in any direction. 
x Sedentary Behaviour: In this thesis, sedentary behaviour is 
defined as an individual movement pattern which displays a central 
tendency or site attachment, and shows virtually no net displacement over 
a given time (Roshier & Reid 2003).
x Oriented Movement: In this thesis, oriented movement is 
considered to be persistent movement in a given direction towards a 
destination or goal (Nams 2006) .
Terms Used
xvii
x Exploratory Behaviour: In this thesis, exploratory behaviour is 
considered to be as defined as in Shillito (1963) and Bell (1991), as 
movement which serves to acquaint the individual with their surroundings,
and during exploration, the animal moves such that exposure to stimuli 
from the environment is optimised. Exploratory behaviour can be initiated 
when an animal enters a new area but can also occur as frequent patrolling 
activity in an area with which the animal is already familiar. Thus, 
exploratory behaviour is not only elicited by novel landscape features or 
situations, but it can also occur in familiar physical surroundings where 
certain properties of the environment fluctuate over time. In the context of 
arid landscapes where the spatial and temporal distribution of resources is 
non-seasonal, individuals might display exploratory behaviour within a 
previously familiar environment as conditions can change rapidly, for 
example following heavy rain. 
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1.1 Introduction
Much of our understanding of long distance avian movement comes from studies 
of migratory species in seasonally predictable, temperate ecosystems in the 
northern hemisphere (Alerstam 2006; Akesson & Hedenstrom 2007; Bairlein 
2008; Newton 2010). The movement behaviour of species in less predictable 
environments is much less studied (Dean 2004). With climate change models 
predicting an increase in extreme weather events in many ecosystems (IPCC 2013)
it is important to understand how animals might respond to less predictable 
environmental conditions (Winkler et al. 2014). By studying the ability of
nomadic species to find and exploit ephemeral habitats in landscapes where 
resources are patchily distributed in time and space, one can gain insights into the 
behavioural responses to rapid changes in resource distributions, including those 
predicted under climate change.  The influence of short and long term fluctuations 
in landscape conditions and in local weather patterns on departure decisions in 
migratory species has received much attention in recent years (Danhardt & 
Lindstrom 2001; Bauer, Gienapp & Madsen 2008; Duriez et al. 2009). While 
many species, particularly birds, in arid landscapes are considered partially or 
completely nomadic (Marchant & Higgins 1990a; Chan 2001; Dean 2004), there 
is little empirical evidence on the specific cues that species utilise to fine tune their 
movement strategies and maximise their fitness in less predictable landscapes
(Davies 1984; Simmons, Barnard & Jamieson 1999; Roshier, Asmus & Klaassen 
2008; Dean, Barnard & Anderson 2009).
The broad aim of this thesis is to identify ecologically relevant phases of 
movement behaviour by a nomadic species of waterfowl, Pacific black duck (Anas 
superciliosa), and to determine some of the likely cues used by individual birds 
when shifting between these movement phases. The temporal and spatial 
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properties of these movement phases are analysed at the individual level. How 
these individual movement decisions relate to underlying patterns of resource 
availability to shape population level spatial ecology of Pacific black duck is
explored by comparing the movement patterns of Pacific black duck in the arid 
interior of Australia, with those in a more predictable, higher rainfall, agricultural 
landscapes.
In this first chapter, I provide a review of recent developments in the field of 
movement ecology with specific focus on nomadic waterfowl and their responses 
to environmental fluctuations. The study of animal movement has developed 
rapidly in recent decades with the advent of new technology and analysis 
techniques. A brief review of studies of the spatial ecology and movement 
behaviour of highly mobile species, including their nocturnal movement 
behaviours is presented in this chapter. Literature on nomadic movement 
behaviour of animals is reviewed with a focus on the apparent distinction between 
species that display nomadic versus migratory movement.  This section is then
followed by a review of the relatively new research area involving integrating 
global and local weather patterns with animal movement. Lastly, a justification of 
the choice of study species and further rationale for this research project is 
presented.
1.2 Bird Movement, Migration and Nomadism
Bird migration has fascinated humans for thousands of years. Texts as old as 
Homer’s Iliad[23] contain descriptions of mass aggregations of cranes in Asia and 
their departure on long distance flights (Homer, The Iliad, 3.1-5), demonstrating 
early human interest in movement of birds on a global scale. While the suggested 
reason for cranes departing their breeding grounds (fleeing the winter and driving 
rain) holds some truth, the question of where they go was ‘answered’ by claiming 
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they flew over the ocean to do battle with a race of pygmies (Homer, The Iliad,
3.5-10). Fanciful ideas such as these persisted for centuries. Although, in recent 
history mark-recapture studies and satellite tracking technology have clarified our 
understanding of long distance animal movement many fundamental questions 
still remain concerning the long distance migration of birds. How are birds able to 
accurately navigate across such long distances? To what extent are movement 
decisions influenced by fluctuating resource distributions and weather conditions?  
These topics have been the focus of intense research effort in recent decades (Able 
2001; Zimmerman et al. 2003; Alerstam 2006; Flemming et al. 2006; Frost & 
Mouritsen 2006; Akesson & Hedenstrom 2007; Mueller & Fagan 2008; Milner-
Gulland, Fryxell & Sinclair 2011) as our ability to track animals and measure 
environmental variation has developed.
1.2.1 Distinctions between Migrants and Nomads
Many studies have investigated migratory movements of birds in temperate 
environments where fluctuations in resource availability are largely predictable in 
both time and space (Berthold & Terrill 1991b; Greenberg & Marra 2005; 
Bruderer & Salewski 2008; Newton 2010). As a result, current thinking on long 
distance movement in birds is very much skewed towards movement strategies of 
birds in these seasonal and predictable systems (Rappole & Jones 2002). While 
many nomads and migrants appear to occupy the ends of a continuum of 
movement behaviour (Newton 2012) there are other species where distinctions 
between the strategies become less clear. There are a number of species where
populations are only partially migratory, only part of the population migrates, the 
rest remaining sedentary (Chan 2001; Boyle 2008; Jahn et al. 2010). Some species 
show secondary migration, making an additional long distance movement after 
arrival at their first destination (Greenberg et al. 2005), some migrants become 
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nomadic at their wintering grounds (Senar, Burton & Metcalfe 1992) and some 
sedentary birds become nomadic in the non-breeding season (Lenz et al. 2014).
Furthermore, as more detailed movement studies observe individual flexibility in 
movement patterns that defies easy classification (Cheke & Tratalos 2007; Ndlovu
et al. 2010; Guilford et al. 2011; Vardanis et al. 2011; Cumming, Gaidet & 
Ndlovu 2012) it may become necessary to abandon rigid categorization of 
movement patterns. Instead observed movement patterns should perhaps be 
considered as individualistic responses to environmental conditions within the 
species-specific constraints of physiology and spatial memory (Davies 1982; 
Pigliucci 1996; Monahan & Hijmans 2008; Nathan et al. 2008; Jonzén et al. 2011; 
Fagan et al. 2013). Therefore, the position of  a species or individual along any 
continuum of movement behaviour from advective to dispersive (Jonzén et al. 
2011), or from migratory to nomadic (Roshier & Reid 2003; Newton 2012), can 
be considered subject to change within an individual’s lifetime or even between 
seasons.
It has been found in migratory passerines that the urge to migrate and the 
direction of seasonal migration is heritable and controlled by a complex interplay 
between endogenous circannual rhythms and changes in photoperiod (Berthold & 
Terrill 1991b; Helbig 1991; Berthold 2000).  For many nomadic species seasonal 
movement in an inherited migration direction would be a poor strategy in the 
unpredictable environments within which they are often found. Indeed even in 
migratory species in predictable environments there is evidence that other factors 
influence individual movement decisions in terms of migration route and timing. 
Sutherland (1998) showed that in many species, seemingly rigid migration routes 
have in fact changed in historical times, showing adaptation to rapid 
environmental change. Vardanis (2011) found that Marsh Harriers (Circus 
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aeruginosus) show much greater within individual variation in their migration 
routes than variation in timing of departure.  A given individual would depart at a 
very predictable time but would take widely varied routes for each seasonal 
migration. 
The term “abmigration” has been applied to situations where individuals stray 
from clearly defined flyways or switch from one known flyway to another 
(Thomson 1931). This has been shown to be common in dabbling ducks (Anas 
sp.) where it has been attributed to males pairing with and following females that 
utilise a different migratory flyway (Alerstam 1990). However, tracking studies on 
other waterfowl by Guilleman et al  (2005) have observed abmigration that is not 
explained by pairing of individuals from different flyways, suggesting 
individualistic selection of migration route across seasons.  Similarly, a GPS 
tracking study on Eleonora’s falcon (Falco eleonorae) (Gschweng et al. 2008) has 
shown that while many individuals passed through Gibraltar en route from Africa 
to Europe, during the approach to this point the migration path was highly variable 
between individuals, each taking a unique journey. Juveniles were found to 
migrate towards West Africa rather than Europe and the generalised flyway which 
would have been inferred from observing birds and limited ringing data is not as 
clear cut as previously assumed (Stresemann 1954; Walter 1979).
Many studies have found evidence of high levels of variation between 
individuals in terms of migratory routes (Alerstam 2006; Alerstam, Hake & 
Kjellen 2006; Mellone et al. 2011; Vardanis et al. 2011). One recent example of 
which is a study by Guilford et al (2011) on puffins (Fratercula arctica). Their 
study brings into question the use of genetically inherited or culturally learned 
route information by this and possibly other migratory species. In their study it 
was found that migrating puffins displayed a pattern of movement closer to 
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individual dispersal than migration. The migration routes of puffins showed high 
variability between individuals in distances travelled combined with low 
variability within individuals in their chosen route over time. Guilford et al (2011)
found that the observed migratory pattern could not be adequately explained by 
culturally learned or genetically inherited migration directions and instead 
proposed that individual exploration and acquired navigational memory exerted a 
more direct influence on migration route selection.  
If strategies such as migration and nomadism are considered genetically 
hardwired (Alerstam 2006; Mueller, Pulido & Kempenaers 2011), a mismatch 
between movement strategy and environment could be expected under conditions 
of climate change (Berteaux et al. 2004; Jones & Cresswell 2010; Bauer et al.
2011; Helm et al. 2013). Observed patterns of long distance movement are 
perhaps better viewed in terms of individualistic responses to fluctuations in 
resource distributions (Lima & Zollner 1996; Sutherland 1998; Nathan et al. 2008; 
Vardanis et al. 2011; Van Toor et al. 2013) modulated by cognitive (Berbert & 
Fagan 2012; Fagan et al. 2013) and physiological constraints (Weber & 
Hedenstrom 2001; Guglielmo & Williams 2003; Monahan & Hijmans 2008; 
Schmaljohann, Bruderer & Liechti 2008; Ndlovu et al. 2010) rather than clearly 
defined, heritable strategies. With advances in our capability to track small bodied 
birds which undertake global scale high-endurance flights, the physiological 
constraints that shape their movement behaviour have become the focus of much 
research in recent years (Buehler & Piersma 2008; Weber 2009; Williams 2012).
1.2.2 Physiological Adaptations to Long Distance Flight
Studies  that explore the physiological demands of long distance movement such 
as Klaassen et al (1996) and Guglielmo et al (2002; 2003) have found that long 
distance migrants have evolved physiological plasticity in the hypertrophy and 
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atrophy of digestive organs and flight related muscle groups (Piersma 1998; 
Weber & Hedenstrom 2001; Piersma et al. 2005; Piersma & Van Gils 2010) as 
well as behavioural traits which allow them to cope with the extreme exertion of 
migration across hostile terrain (Adler & Nuernberger 1994; Atkinson et al. 2005; 
Alerstam, Hake & Kjellen 2006; Schmaljohann, Bruderer & Liechti 2008; Gill et 
al. 2009; Strandberg et al. 2010; Bauer et al. 2011; Mellone et al. 2011). Studies 
of energetic constraints on migrating birds have long focused on shorebirds, as 
these birds make some of the most spectacular journeys and are much more 
limited in their choice of habitat and food sources than other groups (Piersma 
1998; Piersma et al. 2003; Atkinson et al. 2005). Under these strong constraints 
shorebirds can be seen to have very finely tuned timing for arrival at 
breeding/feeding grounds and follow well defined flyways.
While many species migrate en masse in large flocks, following well defined 
flyways, in some species the path taken is not so tightly constrained. There may be
more strategies available to larger birds with less specific habitat requirements, 
such as waterfowl which can be seen to migrate in broad fronts (Guillemain, 
Sadoul & Simon 2005; Van der Graaf et al. 2007; Arzel et al. 2009; Van Wijk et 
al. 2012).
The mechanisms for long distance navigation and orientation have received most 
attention in the study of migratory birds. Numerous studies have found evidence 
for a variety of orientation mechanisms in birds including navigation using the 
pattern of skylight polarisation (Able 1982; Able & Able 1993; Greenwood et al.
2003; Wiltschko et al. 2008), the  position of celestial markers (Stasz 1960; Emlen 
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1970; Akesson et al. 2001; Thorup et al. 2010), visual landmarks (Rowan 1945; 
Emlen 1975; Bingman, Able & Kerlinger 1982; Gagliardo et al. 2009) and  
magnetic compasses (Allen 1948; Wiltschko & Wiltschko 1972; Munro & 
Wiltschko 1993; Ritz, Adem & Schulten 2000; Muheim, Akesson & Phillips 
2007; Wiltschko & Wiltschko 2010; Gehring et al. 2012). These studies show 
conclusively that long distance navigation in birds is not achieved by a single 
mechanism for all species, and each species usually utilises a combination of 
many of these, and some other mechanisms, dependant on their sensory 
capabilities and the environmental conditions that they face (Alerstam 2006).
Although many nomadic birds undergo similarly long flights across hostile 
terrain (Dean 2004; Roshier, Asmus & Klaassen 2008), there has been little 
empirical evidence of nomadic birds undergoing similar physiological changes to 
cope with the exertion of long distance flight (Petrie & Rogers 2004; Ndlovu et al.
2010; Cornelius & Hahn 2012).
1.3 Nomadism
Nomadic behaviour has been found in many taxa, including birds (Allen & 
Saunders 2002; Dean 2004; Newton 2006; Roshier, Klomp & Asmus 2006; 
Newton 2010), fish (Bertelsen 2013),  marine turtles (Plotkin 2010), ungulates 
(Singh et al. 2012) and locusts (Heatwole 1996). Nomadism has been defined by 
some authors as a non-seasonal subset of migration (Dingle & Drake 2007; Dingle 
2014) or as flexible, facultative migration (Newton 2010; Newton 2012).
Nomadic movements have been described as opportunistic long distance 
movements driven by changes in local conditions without a pre-determined 
destination (Mueller & Fagan 2008; Plotkin 2010). There remains a certain level 
of uncertainty around how best to define nomadism or if it is possible (or even 
necessary) to rigidly define nomadism as a fixed strategy. Mueller and Fagan
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(2008) assign all animal movement into one of three fundamental classes but also 
concede that these classes do not occur in isolation and are likely to occur 
simultaneously. Similarly, Plotkin (2010) assigns a mixed strategy to olive ridley 
turtles (Lepidochelys olivacea), describing them as ‘nomadic migrants’ due to the 
lack of shared corridors toward common seasonal destinations.
An important feature of a movement pattern is the spatial scale over which it 
occurs. For example, one of the criteria for a movement to be considered 
migratory is that it generally has to occur on a spatial scale far greater than the 
normal home range of an individual (Dingle & Drake 2007). By contrast, for a 
nomadic species, an individual may relocate across long distances numerous times 
within a single season and any long distance movement could be said to occur 
within their ‘normal’ range of movement (Roshier & Reid 2003).  In nomadic 
species, the concept of home range is therefore of limited use because the home 
range of an animal can shift dramatically as it moves to new breeding or feeding 
grounds sporadically throughout its lifetime and particular areas may not be 
visited more than once. It has been proposed, by Roshier and Reid (2003), that in
the context of nomadic species, animal movement is better described in relation to 
previous successive movements  (Figure 1.1), rather than a geographically limited 
area such as the natal area or previously occupied breeding sites.
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Figure 1.1: Geographic range, life-time range and home range in (A) sedentary species, 
(B) migratory species with different life-time range in its breeding and non-breeding 
ranges and (C) nomadic species. Range stability index (RSI) represents the relationship 
between the area covered by current movements and the total life time range of an 
individual. Realised mobility index (RMI) describes the extent of individual movements 
in relation to the geographic range of the species. Indicative values for these indices 
within each range are shown. Source: Roshier and Reid (2003)
Nomadic species of birds have been described as constantly wandering to 
wherever conditions are suitable (Chan 2001) . However, in studies of nomadic 
waterfowl in Australia (Roshier, Doerr & Doerr 2008) long distances movements 
were found to be rapid and direct, suggesting that continuous searching behaviour 
represents a simplified and unrealistic portrayal of long distance nomadic
movement. In recent years a more complex picture of nomadic movement has 
emerged because nomadic species from a range of taxa have been found to 
undertake highly oriented movements across long distances to specific locations 
apparently in response to cues such as vegetation growth (Brooks & Harris 2008)
regional rainfall (Roshier, Asmus & Klaassen 2008) and internal factors such as 
moult schedule (Cumming, Gaidet & Ndlovu 2012).
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1.3.1 Nomadism in the Australian Context
Nomadic birds in this highly variable system offer a unique insight into animal 
movement strategies in relation to underlying resource distributions. While little 
detailed information on the movement patterns of birds in the remote, arid interior 
of Australia is available, an extensive review by Chan (2001) found that 44% of 
non-passerine birds in Australia displayed some form of partial migration with 
populations or individuals within these populations noted as displaying sedentary, 
nomadic and migratory behaviour (Marchant & Higgins 1990a; Clarke 1997; 
Kingsford & Norman 2002; Cowan 2006; Kingsford, Roshier & Porter 2010).
Examples of species that utilise nomadic movement strategies to respond to 
variable resource distributions are waterfowl, such as wandering whistling duck 
(Dendrocygna arcuata) and grey teal (Anas gracilis) (Roshier, Asmus & Klaassen 
2008) and so called “blossom nomads” including many honeyeater species (Keast 
1967), e.g.: the regent honeyeater (Xanthomyza phrygia) (Franklin, Menkhorst & 
Robinson 1989) and lorikeet species such as the purple-crowned lorikeet 
(Glossopsitta porphyrocephala), musk lorikeet (Glossopsitta concinna) and 
rainbow lorikeet (Trichoglossus haematodus) (Allen & Saunders 2002) which 
track highly variable resources in the form of irregularly flowering eucalypt trees 
(Mac Nally & McGoldrick 1997).
Water bodies in the Australian arid zone are often ephemeral and patchily 
distributed within the landscape (Roshier et al. 2001a; Roshier & Rumbachs 
2004). Irregular flooding and drought produce localised pulses of productivity 
separated by many years and interspersed with prolonged dry periods (Bunn et al.
2006; Leigh et al. 2010). The life history and ecology of many birds in this system 
is dictated by this irregular cycle of “boom and bust” (Davies 1982; Kingsford, 
Curtin & Porter 1999a; Robin, Joseph & Heinshohn 2009). Site fidelity and 
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movement patterns of arid zone species are highly variable (Marchant & Higgins 
1990a; Halse, Pearson & Kay 1998; Chan 2001) and breeding attempts are often 
opportunistic, such as banded stilt on Kati Thanda-Lake Eyre (Burbidge & Fuller 
1982; Minton, Pearson & Lane 1995; Gosbell & Christie 2006).
1.3.2 Cues for Nomadic Movement
It has been shown that migrating birds respond to cues such as day length, 
temperature and wind conditions to modify departure timing from sites along their 
path (Pyle et al. 1993; Danhardt & Lindstrom 2001; Shamoun-Baranes et al. 2006; 
Bauer, Gienapp & Madsen 2008; Mandel et al. 2008; Duriez et al. 2009; Bauer et 
al. 2011). In contrast, there have been comparatively few studies on nomadic 
movement and the environmental cues employed by birds in less seasonal and less 
predictable environments, such as is found in the arid regions of the southern 
hemisphere (Davies 1984; Petrie & Rogers 1997; Simmons, Barnard & Jamieson 
1999; Dean 2004; Roshier, Klomp & Asmus 2006; Roshier, Doerr & Doerr 2008).
Dean (2009) proposed that nomadic passerines in the arid landscapes of Africa 
moved in response to declining local conditions. Similarly Bowling et al (2012)
found and increase in nomadic behaviour in snail kites (Rostrhamus sociabilis),
which correlated with local environmental degradation. In a study on African 
waterfowl, Cumming et al (2012) found that internal factors such as moulting 
strategy had a stronger influence than environmental conditions on the initiation of 
long distance movement.  Studies on Australian species have suggested that 
nomadic waterfowl show marked individual variation in responses to similar 
resource distributions(Roshier, Doerr & Doerr 2008), and may use both local and 
distant cues to trigger long distance movement (Roshier, Asmus & Klaassen 
2008). Theoretical work has suggested that the predictability of resource 
distributions in time and space is an important driver of nomadic behaviour 
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(Mueller & Fagan 2008; Berbert & Fagan 2012).  This proposal has found support 
in empirical studies on the shift between nomadic and sedentary behaviour by 
Clulow et al (2011) on Eastern grass owl (Tyto longimembris) and Bennetts and 
Kitchens (2000) work on snail kites. 
In landscapes where resource distributions fluctuate rapidly in time and space 
individuals must respond to these changes in order to survive and understanding 
the ecology and behaviours associated with nomadic movement is of central 
importance to the ecology of arid regions (Fahse & Wissel 1997; Hope, Nicholls 
& McGregor 2004). With the use of GPS tracking and the increasing availability 
of remotely sensed data on short term fluctuations in resource availability the 
study of nomadic birds in arid environments is likely to progress rapidly in 
coming years, providing further insights into the specific drivers of movement and 
the behaviour of nomadic birds in response to shifting resource distributions 
(Roshier et al. 2001a; Roshier, Robertson & Kingsford 2002; Dean, Barnard & 
Anderson 2009; Kingsford, Roshier & Porter 2010; Reside et al. 2010; Clulow et 
al. 2011).
1.4 Relating Animal Movement to Resource Distributions
One of the most compelling questions in movement ecology is how animals 
manage to locate and exploit patchy resources in highly variable environments 
(Millspaugh et al. 2006; Thomas & Taylor 2006). Early work attempted to 
mathematically model patterns of animal movement using approaches such as 
random diffusion ƿNXER  or correlated random walks (CRW) (Siniff & 
Jessen 1969; Kareiva & Shigesada 1983) where the direction of each step is 
correlated with that of the previous step producing a more realistic,  persistent 
movement pattern.  It is clear, however, that the majority of animal movement 
observed in nature is non-random and animals’ movement patterns are 
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heterogeneous, made up of bouts of oriented movements and non-oriented 
localised movements (Fauchald 1999; Bailey et al. 2008; Brooks & Harris 2008; 
Fryxell et al. 2008; Thiebault & Tremblay 2013). Levy flights (Viswanathan et al. 
1996) are a special case of CRW model that describe this pattern of intermittent 
bouts of movement well. However, some authors have questioned if animals 
actually use Levy flights or if a similar pattern may be generated by a different
process (Benhamou 2007; Edwards 2011). While the movement pattern of an 
animal may be described with a mathematical function, this gives no information 
on what processes are actually driving the observed patterns of movement (Schick 
et al. 2008).
Lima and Zollner (1996) proposed that the fields of behavioural ecology and 
landscape ecology should be brought together in the study of animal movement,  
linking landscape dynamics to flexibility in movement behaviour. Their proposals 
were taken further by Nathan et al (2008) who set out a theoretical framework
(Figure 1.2) in which observed patterns of movement can be viewed as the product 
of the interaction between external factors, such as proximity of resources or 
predation risk, and internal drivers such as the need to feed and reproduce, on 
animals acting at different spatial and temporal scales. 
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Figure 1.2: A theoretical framework for movement ecology including components related 
to the focal individual such as internal state, motion capacity, and navigation capacity 
(yellow background) and a component referring to external factors affecting movement 
(turquoise background). Source Nathan et al (2008)
The framework set out by these influential papers set the theoretical backdrop for 
many later studies. One example of is the study by Morales and Ellner (2002) ,
which found that animals are able to adopt various movement strategies at 
different times and models which integrate individual flexibility and landscape 
heterogeneity can better predict observed patterns of movement This study used 
relatively crude small scale model landscapes and the authors were not able to 
scale up their observations of movement patterns on the individual level to that of 
the population due to high inter-individual variability in movement behaviour. 
Further research has revealed the influence of previous experience (Smouse et al. 
2010), capacity for spatial memory (Fagan et al. 2013), and the influence of the 
Chapter 1: Introduction and Literature Review
18
animal’s internal state and external environment (Jonsen, Flemming & Myers 
2005; Martin et al. 2013) on the movement decisions of highly mobile species.
1.4.1 How Individual Movement Decisions Shape Population Level Patterns 
Across many taxa individual animals have been shown to vary in their response 
to resource distributions and environmental variation (Owensmith 1994; Belanger 
& Willis 1996; Bennett 1996; Pigliucci 1996; Roshier, Doerr & Doerr 2008). To 
date however, this individual flexibility has largely been overlooked in theoretical 
models of animal movement (Holyoak et al. 2008). Recent advances in the use of 
individual based models have allowed researchers to take into account individual 
flexibility when modelling patterns of movement in relation to resource 
distributions and landscape structure (Duriez et al. 2009; Bauer & Klaassen 2013; 
Cohen, Pearson & Moore 2014).
Recent studies are beginning to reveal the role that movement choices of 
behaviourally flexible individuals have in determining patterns of movement at the 
species or population level. Morales et al (2010) proposed a theoretical framework 
that connects individual movement behaviour with population dynamics. In a 
comparative study of different ungulate species, Mueller and Fagan (2008)
developed mathematical models which seek to link the movement behaviour of 
individuals to spatial ecology at the level of the population and  underlying 
resource heterogeneity and predictability. These models suggest that the adoption 
of an oriented, non-oriented or nomadic movement strategy is influenced not only 
by underlying temporal and spatial variation in resource distributions but also by 
life history traits of the species, specifically their capacity for short and long term 
spatial memory (Figure 1.3).
Mueller et al (2011) showed in ungulates how individual flexibility in response to 
dynamic resource distributions drives the overall pattern of movement at the 
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population level. Similarly in birds, Vardanis et al (2011) and Klaassen et al 
(2008) have shown how individual flexibility in response to short term weather 
events drives variation in the species level patterns of migration in raptors and 
shorebirds.  Anderson (1980) modelled the relative costs and benefits of site 
tenacity and nomadism and found that nomadism represented a more successful 
strategy in regions where periods of food abundance were cyclical and if good 
years were often separated by a number poor years. Anderson (1980) also 
predicted that if the changeable nature of resources was entirely random then site 
tenacity is just as likely to be successful as nomadism. However, if a cycle exists 
even on a scale of decades, a nomadic strategy would serve to increase individual 
fitness. These predictions were supported to some degree by evidence from a 
small number of studies but remain largely untested by large scale tracking 
studies. 
Figure 1.3: Effects of gradients in resource distribution and predictability on 
hypothesized most effective individual-level movement mechanisms (in italics) and the 
hypothesized emergent population- level movement patterns (gray ellipses) for dynamic 
landscapes that exhibit resource variability. Source: Mueller and Fagan (2008)
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1.4.2 Space Use and Resource Selection
In studies of resource use or habitat selection by animals the most common 
approach is to compare the resources and attributes of sites which are utilised to 
those which are available but remain unused (Aebischer et al. 1993; Boyce & 
McDonald 1999).  Measures of habitat preference have been applied in answering 
questions regarding the growth and viability of populations (Nielsen et al. 2008),
the geographical limits of species distributions (Aldridge et al. 2008), and 
individual level habitat selection within a home range (Roever, Boyce & 
Stenhouse 2008). However, despite its wide application, defining and quantifying 
resource preference can be problematic as it depends on measurement of what 
resources are available to an individual which can be influenced by many biotic 
and abiotic factors such as competition, landscape structure and individual 
mobility (Beyer et al. 2010).
The Ideal Free Distribution theory put forward by Fretwell (Fretwell 1972)
provided a useful basis from which to develop understanding of how individual 
choices might shape population distributions. Under the Ideal Free Distribution
(IDF), all other factors being equal, in an environment where resources are 
patchily distributed, an animal should move to the patch where it will gain the 
most. IDF theory assumes that all animals are identical, can perfectly assess 
resources availability and that resources are distributed in defined patches. These 
assumptions are, of course, violated in natural situations as many factors that will 
affect the distribution of animals when foraging, such as the presence of con-
specifics &UHVVPDQ .ĜLYDQ 	 *DUD\ , the rate at which resources are 
renewed (Waser 1981), the individual’s ability to assess and utilise the resources,
and the information which that individual has available to them (Clobert et al. 
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2009). However, IDF theory has proved useful as a basis for models which 
incorporate aspects such as limited sensory capacities of foragers (Abrahams 
1986), individual differences between competitors (Tregenza & Thompson 1998; 
Hakoyama & Iguchi 2001), and arbitrary or variable resource distributions (Arditi 
& Dacorogna 1988; Hakoyama 2003). For example, if some individuals exhibit 
despotic behaviour, that is, chasing rivals away from high quality patches (Harper 
1982), then the density of individuals in these high quality patches would be lower 
than expected. Many studies have addressed resource selection in environments 
where resources are patchily distributed (Macarthur & Pianka 1966; Jones 2001),
but patterns of resource selection are more difficult to define when resource 
distributions change rapidly in time and in space (e.g., Arthur et al. 1996). The 
movement of individuals between habitat patches may also be driven by 
motivations other than an immediate search for resources, for example exploratory 
or prospecting movements.
1.5 Exploratory Behaviour
Exploratory behaviour (sometimes termed  prospecting behaviour) has been 
observed in many taxa across a range of contexts, from natal dispersal and 
migration in mammals (Haughland & Larsen 2004; Pepin et al. 2008), to 
territorial behaviour (Pärt et al. 2011) and behavioural experiments on neophobia 
in passerine birds  (Dingemanse et al. 2004; Mettke-Hofmann et al. 2005). Some 
examples of studies that have identified exploratory movement patterns in free 
living animals are given below. 
Fryxell et al (2008) determined two distinct phases within the normal dispersive 
behaviour of free ranging Elk (Cervus elaphus). These two phases included an 
encamped phase characterised by small localised movement and an intermediate 
exploratory phase of movement in advance of migratory movement. Wheatear 
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(Oenanthe oenanthe) are territorial  migratory passerines that have been shown to 
exhibit a phase of prospecting movement behaviour during their breeding season 
(Reed et al. 1999).  Bennetts and Kitchens (2000) found evidence for an 
exploratory movement pattern in a nomadic raptor (Rostrhamus sociabilis) and 
suggested that this behaviour was carried out during times of abundant resources 
as a way of minimising the risk of searching during lean times. Oppel (2009)
observed similar behaviour in overwintering winter migrant waterfowl engaging in 
exploratory behaviour in advance of long distance flights.  In a study on nomadic 
waterfowl Roshier et al (2008) suggested that grey teal (Anas gracilis) may 
undertake undirected, exploratory behaviour in advance of long distance directed 
movement. While exploratory behaviour has been found in a number of species, it 
remains difficult to define and analyse as the set of movement characteristics used 
to define exploratory behaviour varies across these studies, is likely to be species-
specific and can be difficult to disentangle from regular foraging movement 
patterns.
1.6 Weather and Its Influence on Bird Movement  
The phenomenon of animals responding to large scale weather events has long 
been observed, particularly in countries such as Australia where habitats are 
transformed by drought and flood cycles (Kingsford & Norman 2002; Gilmore 
2007). Relating meteorological records to movements of birds has until recently 
been limited by both the quality of weather data available and the ability to track 
animals on a temporal scale capable of capturing short term responses to weather.  
Norman and Chambers (2010) found a correlative relationship between counts of 
total bird abundance in waterfowl and seasonal cycles of rainfall and temperature. 
In a similar study, Chambers (2010) found that while minimum temperature 
appeared to have an effect on numbers of birds arriving at wetlands and their peak 
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numbers, the relationship between bird movement and specific weather variables 
remained unclear. Both of these studies rely upon data gathered from bird counts, 
often using different methods and observers, in restricted geographical areas to 
infer large scale movement of individuals and populations. A number of bird 
species have been shown to be able to detect changes in atmospheric pressure 
(Lehner & Dennis 1971; Kreithen & Keeton 1974; Breuner et al. 2013) and both 
ambient temperature and atmospheric pressure have been shown to influence 
departure decisions in migratory passerines (Danhardt & Lindstrom 2001; 
Shamoun-Baranes et al. 2006; Sapir et al. 2011).
In migratory species, it has long been known that birds utilise day length as a cue 
for initiation of migratory behaviour (Bradshaw & Holzapfel 2007). One reason 
for this is that increasing in day length correlate with the onset of spring and the 
emergence of new food resources. The “Green Wave” hypothesis (Schwartz 1998)
suggests that herbivorous animals use local environmental conditions to regulate 
departure decisions along a migratory path, following the flush of fresh vegetation. 
The Green Wave hypothesis has received support from studies on migratory geese 
such  as van Wijk et al (2012) and Bauer et al (2008) and studies on migratory 
passerines (e.g., Telleria & Perez-Tris 2003; Pulido & Widmer 2005; Sapir et al.
2011; Singh et al. 2011) that demonstrate how information on resource availability 
and local environmental conditions such as temperature and rainfall are integrated 
with photoperiod to fine tune departure decisions in migrants. 
1.6.1 Climate Modelling and Species Distributions
Much attention has been given in recent years to the impact of broad climatic 
changes on the movements and population distributions of animals (Pearson & 
Dawson 2003; Hijmans & Graham 2006; Elith & Leathwick 2009). Padgham 
(2011) investigated the relationships between climate dynamics and the ecological 
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responses of Australian waterbirds by developing spatial maps of coherence 
between data sets of bird abundances taken from annual aerial surveys and the 
cycles and oscillations in large weather systems over a 30 year period. Padgham 
(2011) found that the movement of large scale weather systems across Australia 
explained over 75% of the variation in bird abundance. This study however relied 
on a single aggregate measure of bird abundance taken during an aerial survey and 
did not directly address the movement decisions of different species or individual 
birds. Adler and Levine (2007) found an influence of regional patterns of 
precipitation on the community structure of grassland ecosystems over a 36 year 
study period and found contrasting responses in terms of species richness and 
composition at different trophic levels.
Climate models such as BIOCLIM and Maxent (Berthold & Terrill 1991b; 
Kreakie, Fan & Keitt 2012) have been widely applied to resolving questions 
around species distributions in relation to bioclimatic variables (Veloz 2009).
These models use long term data sets such as climate variables averaged over 50 
years to predict areas that are likely to be suitable for a given species based on 
presence/absence or presence only data from current and historical records. This 
approach, while useful for predicting long term effects of climate change 
scenarios, operates on a coarse scale and can miss many of the fine scale 
interactions between species and local or regional weather patterns.  Reside et al 
(2011) showed that a model which included short term weather data could more 
accurately predict bird distributions than a similar model using long term climate 
data. Similarly, Bateman et al (2012) showed that models using temporally 
matched weather data, rather than long term climate datasets, had better predictive 
power in terms of species ranges and habitat suitability in a marsupial mammal. 
These studies show that while overall climatic trends do affect the distribution of 
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animals, their movements within a highly dynamic system can be influenced 
strongly by short term local information on current weather conditions.  The 
integration of detailed weather data with increasingly precise movement data for 
migratory and nomadic species is developing rapidly and will allow ecologists to 
re-examine accepted ideas about migratory flyways, reactions to environmental 
change and the individual variability of that response.
1.6.2 Individual Movement Decisions and Short Term Weather Variation
Animals from a range of taxa have been observed to take advantage of 
meteorological and environmental phenomena to aid in long distance movement. 
For example, birds have been shown to use tailwind assistance (Danhardt & 
Lindstrom 2001; Safi et al. 2013) on migration and turtles  use oceanic currents to 
carry them across oceans (Luschi, Hays & Papi 2003; Gaspar et al. 2006). In  
recent years high quality weather datasets have become more widely available 
such as  those provided by The National Centres for Environmental Prediction 
(NCEP) (Kalnay et al. 1996; Kanamitsu et al. 2002). Analytical software such as 
the “RNCEP” package for the statistical software “R”(R Core Development Team 
2008) developed by Kemp et al. (2011) and the Env-Data system (Dodge et al. 
2013) have improved the ability of researchers to link short term fluctuations in 
weather conditions to the fine scale movement behaviour of animals. Recent 
advances in satellite telemetry have given rise to high precision spatial and 
temporal data on the movements of highly mobile species. A major area of 
progress is the integration of complex weather and environmental data with 
behaviour, physiology and underlying resource distributions (Lima & Zollner 
1996; Bennetts & Kitchens 2000). It is now possible to not only examine 
correlations between long term climate data sets and fluctuating population 
numbers, but to directly compare movement data from individuals to local and 
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regional weather patterns. Ren, Li et al. (2009), investigated the effect of daily 
weather parameters such as daily temperature and light period on the daily path 
length of a highly mobile primate species. They found that weather conditions 
such as rainfall and air pressure did not influence movements of social groups. 
Recently, Kemp et al. (2013) found that air temperature and wind speed 
influenced the selection of flight altitude in nocturnally migrating birds. 
Several studies have investigated the link between wind direction and speed on 
large scale migratory movements of birds, particularly raptors (Bingman, Able & 
Kerlinger 1982; Mandel et al. 2008; Klaassen et al. 2011; Mandel et al. 2011; 
Grönroos, Green & Alerstam 2012; Kemp et al. 2013; Safi et al. 2013).  Mandel, 
Bildstein et al. (2008) related tracking data from both GPS trackers and radio 
tracking to meteorological data on wind speed and direction.  Combined with heart 
rate data from the birds their study showed that soaring behaviour was far less 
energetically intensive and turkey vultures (Cathartes aura) were more likely to 
migrate under conditions that were conducive to gliding flight. This novel
approach of integrating model-driven atmospheric variables to changing 
movement patterns allows for prediction of changing migration patterns of birds 
under various climate change scenarios. A study using radio transmitters to 
determine the flight mode of birds in relation to local weather fluctuations and 
migratory timing found that bee-eaters (Merops apiaster) also timed migratory 
departure to coincide with favourable weather conditions such as atmospheric 
pressure and ambient temperature (Sapir et al. 2011). Studies such as these 
provide new insights into how and when individuals react to meteorological 
fluctuations, which parameters are of more importance in decisions to move, and 
at what scale animals can perceive changes in the weather, and integrate this 
knowledge into their movement decisions.
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1.6.3 Extreme Weather – How La Niña and El Niño Affect Bird Movement
Climatic anomalies such as El Niño and La Niña can have far reaching 
consequences on biological systems (Kogan 2000), bringing cycles of heavy rains 
or drought (Australian Government Bureau of Meterology 2012). Oscillations in 
humidity and air temperature known as the El Niño Southern Oscillation (ENSO,
Figure 1.4) can affect weather conditions in the arid interior of Australia (Hope, 
Nicholls & McGregor 2004) which in turn influence the distributions of vagile 
birds (Reside et al. 2010).
Figure 1.4: Schematic diagram of how La Niña conditions affect Australia. Source: 
Australian Bureau of Meteorology (www.bom.gov.au).
In the Australian arid zones the effects of atmospheric fluctuations such as ENSO 
include unusually wet years bringing massive scale flooding to the landscape
(Figure 1.5) which may have been dry for generations (Pittock et al. 2006). Until 
recently, methods for tracking the response of animals to extreme weather events 
have been limited to counting of birds (Norman & Chambers 2010) or have 
suffered from not being able to react swiftly enough to capture a short term 
response (Walls, Kenward & Holloway 2005). It is now possible to track the 
response of animals to passing weather systems in real time. As well as 
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responding directly to extreme weather events such as floods, it is possible that a 
lag effect is at play where the landscape needs to reach a certain threshold  of 
‘wetness’ before a movement response is initiated. 
Figure 1.5: Satellite imagery of the centre of Australia from NASA’s Rapid Response 
program using data from MODIS (Moderate-resolution Imaging Spectroradiometer)
in December 2009 (A) and March 2010 (B) showing the extreme flooding brought on by 
La Niña conditions. 
A
B
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1.7 Nocturnal Movement in Birds
While it has long been known that diurnal passerines will undertake migratory 
journeys at night (Able & Able 1993; Akesson et al. 2002; Coppack, Becker & 
Becker 2008; Alerstam 2009), with improving technology, evidence is beginning 
to emerge, that many bird species, particularly waterfowl, display complex 
nocturnal movements and behaviours throughout their life (Allouche, Dervieux & 
Tamisier 1990; McNeil et al. 1995; Allison & Destefano 2006; Beauchamp 2007).
Moving at night, either for longer distance migration or local foraging, can have 
advantages and disadvantages for birds. Water loss is of critical importance to 
species in arid or semi-arid regions (Schmaljohann, Bruderer & Liechti 2008). For 
these species navigating at night vastly reduces water loss as temperatures are 
lower. The risk of predation may be lower at night, but in terms of long distance 
navigation there may be a trade off balancing the need to reduce the risk of 
predation and decreased energetic costs with the ability to perceive distant 
landscape features and navigate to a precise location (Zollner & Lima 2005).
Schwemmer and Garthe (2011) found that oyster catchers (Haematopus 
ostralegus) spent longer foraging during the night and travelled to more distant
foraging sites. Zavalaga (2011) found that brown pelicans (Pelecanus thagus)
foraged nocturnally at sea away from their colony and returned at sunrise. In 
contrast Shiomi, Yoda et al. (2011) used GPS tracking to show that streaked 
shearwaters (Calonectris leucomelas) adjust their time of departure from feeding 
sites in order to arrive at the breeding colony within a few hours of sunset 
regardless of the distance they have travelled. The above studies demonstrate how
modern telemetry is beginning to reveal greater variability across species in their 
nocturnal behaviour than previously assumed, even those considered to be largely 
diurnal.
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There are a number of hypothesised advantages to foraging at night including 
avoidance of diurnal predators (Martin 1990), taking advantage of cooler 
temperatures (Hébert & McNeil 1999), or exploiting food sources such as 
freshwater invertebrates which may be more accessible at night (McNeil et al.
1995; Guillemain, Fritz & Duncan 2002b; Beauchamp 2007). The nocturnal 
movements of waterbirds have received particular attention in applied ecology 
literature (Robert, McNeil & Leduc 1989; McNeil, Drapeau & Gosscustard 1992; 
Dirksen et al. 1998; Hébert & McNeil 1999) . Waterfowl are important to wetland 
ecosystems as consumers and vectors of invertebrates and plant life as well as prey 
animal for many species including human hunters. Owen (1991) produced a 
comprehensive review of nocturnal feeding activity in waterfowl and found that 
while many duck species forage at night (some almost exclusively), waterbirds 
which pursue  live prey are rarely seen to forage nocturnally.  The hypotheses 
suggested by Owen for nocturnal foraging in duck species include reduced 
pressure from diurnal predators, reduced energy expenditure at night and greater 
prey availability. A number of studies have examined the phenomenon of habitat 
switching (selecting different habitats for foraging or resting between day and 
night) that is common, particularly amongst waterfowl, (Guillemain, Fritz & 
Duncan 2002a; Nolet et al. 2002; Davis & Afton 2010). This behaviour is of 
particular importance for conservation planning as the boundaries of a reserve may 
not be effective if the animals regularly fly out of the reserve at night (Guillemain, 
Fritz & Duncan 2002b). Nocturnal activity in waterfowl may not be restricted to 
foraging as shown by Davenport et al (2012) where migratory geese undertook 
long distance movement almost exclusively at night. 
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1.7.1 Movement and Moonlight
In a recent review of “chronobiology by moonlight” Kronfeld-Schor et al. (2013)
outlined the effects of lunar cycles on the reproduction, foraging and 
communication in several mammal, reptile and bird species. The response to 
moonlight by birds appears to vary greatly between species and even between 
individuals of the same species. A number of migratory bird species have been 
found to move at night (Clugston et al. 1994; Coppack, Becker & Becker 2008; 
Alerstam 2009). Studies suggest that the amount of available light from the moon 
strongly affects nocturnal migration behaviour amongst certain passerines (Pyle et 
al. 1993; Ramenofsky, Agatsuma & Ramfar 2008). The foraging behaviour of 
colonial seabirds has been shown to be influenced by lunar cycles, with birds
adjusting activity levels and time spent away from the colony depending on light 
levels (Phalan et al. 2007; Pinet et al. 2011; Cruz et al. 2013). One study on Brent 
geese (Branta bernicla) using position sensitive radio transmitters found high 
individual variation in the amount of time spent feeding nocturnally and no 
relationship to moonlight (Lane & Hassall 1996a). In a similar study on the same 
species, using direct observations, Tinkler, Montgomery et al (2009) found that 
individuals were more likely to engage in nocturnal foraging on nights with strong 
moonlight. Milsom (1984) showed that lapwings (Vanellus vanellus) spent longer 
foraging nocturnally than during the day during full moon periods but observed 
high levels of inter individual variability and was unable to disentangle the effect 
of moon phase from changes in air temperature and seasonal fluctuations in body 
condition.
It is not surprising that no simple pattern of movement being affected by 
moonlight has yet emerged from the literature or that conflicting results are 
produced within the same species. Many other factors such as individual 
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physiological state, social behaviour, presence of predators and fluctuations in 
local weather conditions can combine to influence observed movement behaviour 
(Nathan et al. 2008). Isolating the effect of moonlight on movement can also be 
hindered by differences in illumination caused by cloud cover, the position of the 
moon in the sky and the amount of moon face that is illuminated (Martin 1990)
Future studies should not ignore the variation in light levels in regard to 
predation risk and nocturnal foraging.  While in general predation risk might be 
lower at night, some nocturnally active sea-birds have displayed a drop in activity 
on moonlit nights which appears to be linked to an increased predation risk as they 
are more visible (Watanuki 1986; Mougeot & Bretagnolle 2000). The literature on 
nocturnal movements in relation to moon phase remains patchy and contradictory. 
This may be due to the highly species-specific nature of responses to moonlight or 
the difficulty encountered when studying animal behaviour at night. The study of 
nocturnal animal movements should advance rapidly in coming years as advances 
in animal tracking technology make it possible to continually track animals 
through the day and night. 
1.8 Advances in Acquiring Movement Data
The introduction of radio tracking methods developed in the 1950s (Le Munyan 
et al. 1959) facilitated a significant jump forward in our understanding of animal 
movement and behaviour. The technology had been adapted from embedded 
transmitters used to record physiological data, to external tags or collars. These 
units were large at first but quickly became small enough to allow the tracking of 
small bodied animals such as small mammals and birds (Millspaugh & Marzluff 
2001). With this technique, there still remained some difficulty in tracking certain 
species as observer has to be relatively close to the object to pick up a signal and 
there is greater scope for observer error.  Satellite tags gave researchers the 
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capability to record animal movements remotely and greatly increased the number 
of location fixes as well as accuracy and the range over which the animal could be 
tracked.  This development opened up the marine environment and inaccessible 
terrestrial environments such as deserts (Flemming et al. 2006; Mandel et al.
2008; Hebblewhite & Haydon 2010; Votier et al. 2010).
Satellite tracking methods historically used Doppler shift from two or more 
satellites as they pass overhead to determine the location of the marked animal. 
This can produce accurate results but there is a relatively large margin of error, 
particularly if the unit does not transmit more than once as the satellite passes. 
Dealing with this source of error in satellite data has been a great challenge to 
ecologists. Accuracy issues can lead to large parts of a data set being abandoned 
but can be overcome to a degree with advanced filtering methods (Keating 1994; 
Hays et al. 2001; Roshier & Asmus 2009).
1.8.1 GPS Technology – Strengths and Weaknesses
The advent of GPS technology and its subsequent miniaturisation has lead to 
much more accurate data collection and a great density of data. Using an array of 
geostationary satellites it is now possible to acquire a location fix to an accuracy 
of 15-20m and, depending on power availability, locations can be recorded 
throughout the day and night.  
The high cost of deploying GPS units often limits researchers to very low sample 
sizes of individual animals. This can lead to a situation where greater statistical 
robustness is sacrificed in favour of collecting data at high spatial resolution. GPS 
studies can also suffer from pseudo-replication where a single animal is sampled 
many times instead of sampling many individuals on a less sensitive scale. Low 
individual sample sizes often associated with GPS studies can prevent conclusions 
being drawn about the ecology of the animal at a population level.  It is 
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recommended that GPS sampling be backed up by other sampling techniques to 
increase the strength of inferences (Hebblewhite et al, 2010, Lindberg & Walker, 
2007). Another problem with small sample sizes is that even with a relatively high 
number of units deployed, if the population is vastly bigger than the sample size 
then inferences cannot be made about population dynamics. While GPS 
technology offers a large volume of accurate spatial information on species it can 
sometimes create a situation where more data is collected than is necessary to 
answer the questions at hand.
1.8.2 Identifying Ecologically Relevant Movement from Telemetry Data
A persistent challenge when analysing tracking data, particularly high volume, 
fine spatial resolution GPS data, is identifying those movements that are 
biologically relevant. Animal tracking studies have the capacity to generate 
movement data of unprecedented quality and quantity, but disentangling the 
relevant information from this dense web of data can be a difficult task (Urbano et 
al. 2010; Laube & Purves 2011). When using statistical models to describe animal 
movement, non-oriented patterns of movement within a landscape are often 
modelled as a random process or a CRW (Morales et al. 2004; Kolzsch & Blasius 
2008; Smouse et al. 2010) . However, nomadic movement when modelled in this 
way can be misclassified due to difficulties in distinguishing the characteristics of 
irruptive or irregular nomadic movements from those of dispersal behaviour 
(Bunnefeld et al. 2011).
Recent developments in the field of animal movement (Jonsen, Flemming & 
Myers 2005) have been aimed at addressing the gap in our knowledge between the 
observed movement of an animal, as recorded by a satellite or GPS tag, and the 
underlying behavioural state of the animal which influences that movement 
pattern. In essence, these methods can help to identify, through analysis of 
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trajectory data, when an observed movement pattern is being driven by a
characteristic behaviour, e.g., distinguishing between the rapid straightened 
movement pattern associated with migration behaviour and the more tortuous 
movement associated with foraging behaviour (Bailey et al. 2008; Mueller & 
Fagan 2008). It is also possible to identify the points at which an individual 
switches from one behavioural phase to another.
A number of recent studies, largely on marine species, have developed 
alternative methods for identifying movement phases form telemetry data (e.g., 
Hanks et al. 2011). Papastamatiou, Cartamil et al (2011) showed that search 
patterns reflect a mixture of knowledge of the surrounding environment, not just 
spatially but also in time. In their study, sharks showed non-random oriented 
movements over large spatial scales and exhibited strong site fidelity. In a study 
on the movement of deer, Pepin (2008) identified an exploratory phase of 
movement which differed in characteristics from foraging or migratory behaviour.  
Tremblay, Roberts et al (2007) advocated using the concept of area restricted 
searching to define peaks of intense local foraging from an individual’s trajectory, 
as opposed to persistently oriented movements.
1.9 This Study: Background Information and Aims
The theoretical background of movement ecology has advanced rapidly in recent 
decades following the work of Lima and Zollner (1996) and Nathan et al (2008).
Modelling work has suggested how the temporal and spatial predictability of 
resource distributions might influence fine scale movement behaviour (e.g., 
Berbert & Fagan 2012) and the possible role of spatial memory in the selection of 
movement strategies (Fagan et al. 2013).   Empirical studies investigating the 
influence of resource distributions on the movements of nomadic ungulates 
(Mueller et al. 2011) and short term fluctuations in weather on the movement of 
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many bird species (Shamoun-Baranes et al. 2006; Bauer, Gienapp & Madsen 
2008) are beginning to provide evidence to test these theoretical models. However,
the majority of studies still focus on migrants in northern hemisphere temperate 
ecosystems, where the spatial and temporal distribution of resources is largely 
predictable. There remain many questions about the movement ecology of species 
which are forced to react to rapid changes in resource distributions. Do so-called 
nomadic species conform to a set movement strategy? Can nomadic species use 
local fluctuations in weather conditions to inform long distance movement 
decisions? What are the specific environmental cues used to initiate long distance 
movement by birds in non-seasonal environments? How can desert waterfowl 
navigate towards freshly inundated wetlands far beyond their perceptual range? 
This study builds and expands on findings from previous work on nomadic 
waterfowl. Recent studies by Roshier et al (2002; 2006; 2008) have generated 
insights into the movement patterns of nomadic waterfowl through the application 
of coarse resolution satellite tracking technology to grey teal (Anas gracilis) in 
arid and agricultural landscapes. Results from these studies show that the long 
distance movements of nomadic waterfowl were modulated by underlying 
landscape structure (the size and spatial arrangement of wetlands) as well as 
suggesting a possible role for distant environmental cues for movement such as 
infrasound from distant thunderstorms. In this thesis, GPS tracking data acquired 
over an extended period of time are used to detect changes in movement behaviour 
of individual waterfowl and combined with fine scale weather data to investigate 
patterns of movement in relation to short term weather events in an extremely 
variable landscape.
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1.9.1 Study Species – Pacific black duck (Anas superciliosa)
The Pacific black duck (Anas superciliosa) is a widely distributed dabbling duck 
with a range encompassing much of Australia and extending as far as New 
Guinea, Indonesia and New Zealand (Figure 1.6) (Marchant & Higgins 1990a).
This medium to large sized duck (average mass: 1.1kg) is sexually monomorphic, 
with overlap in mass ranges between the sexes and only subtle differences in 
plumage that are difficult to discern (Frith 1967). Breeding is largely seasonal but  
highly variable, particularly in arid regions where having a flexible breeding 
season which can shift in response to pulses of resource availability is a successful 
strategy (Frith 1967). Moulting also does not occur in a rigidly defined season. 
While a large proportion of birds will moult and breed from July to October 
individuals can be found in full moult at almost any time of the year. The Pacific 
black duck  is a widely distributed and numerous duck species in Australia (Frith 
1967; Kingsford, Porter & Halse 2011).  It has a generalist diet similar to many 
other dabbling ducks consisting mostly of plant matter but including both aquatic 
and aerial invertebrates and has been observed feeding on carrion (Guay & 
Gregurke 2007).  The Pacific black duck is closely related to many European 
species of dabbling duck, and will hybridise with Mallard (Anas platyrhynchos)
(Guay & Tracey 2009). The species is commonly observed on farms and man-
made infrastructure such as municipal ponds and sewage works as well as on 
remote ephemeral wetlands, preferring shallow water bodies of low salinity with 
vegetation cover (Frith 1963a; Marchant & Higgins 1990a; Kingsford & Porter 
1994; Kingsford & Norman 2002).  Although extensive vegetated wetlands are 
preferred habitat, Pacific black duck are noted for being able to exploit any small 
habitat patch, from ephemeral puddles and creeks to farm dams. Nocturnal 
foraging has been considered as a general feature of the ecology of dabbling ducks 
such as Anas by many authors (e.g., Owen 1991; McNeil, Drapeau & Gosscustard 
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1992; Guillemain, Fritz & Duncan 2002b) and they are commonly observed to 
undertake flights in the hours surrounding sunrise and sunset (Cox & Afton 1996; 
Mahaulpatha et al. 2002; Davis & Afton 2010).  Like most other dabbling ducks,
Pacific black duck also forage nocturnally, including utilising agricultural land 
such as rice paddies and vineyards (Taylor & Schultz 2010).
Figure 1.6: Distribution map for Pacific black duck (Anas superciliosa) Redrawn from 
(Marchant & Higgins 1990a)
While Pacific black duck are considered to be largely sedentary (Frith 1963a; 
Marchant & Higgins 1990a), information on their movements is limited to counts 
of bird densities and a small number of banding studies. Banding recoveries from 
different studies around Australia have shown that a small proportion of banded 
birds show dispersive movements from 100 km to >400 km from their point of 
release with no evidence of a return to their point of origin, while the majority of 
birds remain largely sedentary (Norman 1971). A seasonal shift in population 
ranges has been noted in some parts of Australia, however this shift is only 
observed in a portion of the population, and when they do they move the pattern is 
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closer to dispersal than to migration, as individuals move in almost every direction 
(Frith 1967). It has long been believed that, like many Australian waterfowl 
species, Pacific Black duck vacate the arid interior of Australia during dry periods 
and move towards more permanent water sources (Marchant & Higgins 1990a; 
Briggs 1992; Lawler et al. 1993). However, they are noted for remaining on larger 
permanent waters for longer than other species until conditions have significantly 
deteriorated before finally vacating the arid inland (Frith 1967) The limited 
information available from bird counts and banding studies suggests that Pacific 
black duck are flexible in their movement ecology but spend the largest proportion 
of their time in sedentary behaviour (Frith 1963b; Frith 1967).
Since these early banding studies there has been a notable absence of movement 
studies on pacific black duck and Australian waterfowl in general with a few 
notable exceptions (e.g. Lawler et al. 1993; Kingsford & Norman 2002; 
Kingsford, Roshier & Porter 2010) with studies that directly track individual 
movement even more rare (e.g.  Roshier, Asmus & Klaassen 2008; Roshier & 
Asmus 2009). Much of our understanding of the movement behaviour of this 
species is still derived from these banding studies which assign a largely sedentary 
movement strategy to Pacific black duck. One major weakness of these banding 
studies is that they give no information about the movement of the birds between 
snapshots of their locations. A Pacific black duck that is resighted in a given area 
is considered to be resident there but they have the capability to have flown great 
distances between sightings to unknown locations.  
As this species appears to display a phenotypic plasticity in its movement 
behaviour and utilises small ephemeral water bodies as well as large permanent 
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swamps it is an ideal study species to address the issue of behavioural flexibility in 
response to environmental change in an unpredictable landscape.
Waterfowl are, in general, highly mobile birds, either seasonally or nomadically 
and many have the advantage of being large enough to carry a GPS transmitter. A 
large number of studies have attached tracking devices to ducks in order to track 
dispersal and migration (e.g.: Petrie & Rogers 1997; Flemming et al. 2006; 
Meyburg & Meyburg 2009; Barron, Brawn & Weatherhead 2010).  Many highly 
mobile species of waterfowl in the Australian arid zone, such as the freckled duck 
(Stictonetta naevosa), pink-eared duck (Malacorhynchus membranaceus) and 
Australian wood duck (Chenonetta jubata) are endemic to Australia and represent 
the sole extant members of their respective genera (Marchant & Higgins 1990a).   
In contrast, Pacific black duck is a representative of a globally distributed genus, 
Anas, with closely related species occupying a diverse range of habitats in other 
biomes, so allowing for a broader interpretation of their movement behaviour.
1.9.2 Study Aims
The broad aim of my study was to describe and analyse the movement ecology of 
a nomadic species of waterfowl living in a seasonally unpredictable arid 
landscape. Specifically, I aimed to: 
1. Analyse temporal and spatial patterns of movement to 
determine if nocturnal patterns of movement differ 
significantly from diurnal patterns in nomadic waterfowl.  
2. Identify ecologically relevant phases of movement behaviour 
such as sedentary, exploratory and long distance oriented 
movement and identify shifts between these behavioural 
phases. 
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3. Determine how individual movement decisions correlate with 
local and regional weather patterns.
4. Compare the movement ecology of a population in the arid 
interior of Australia with that of a population in an agricultural 
landscape. 
To achieve these aims, GPS transmitters were deployed on Pacific black duck 
(Anas superciliosa), which utilises ephemeral habitats in an arid landscape as well 
as permanent water in agricultural landscapes. Tracking a large number of 
individuals (n=38) over 22 months with high frequency of GPS locations (every 
two hours), provided a detailed picture of the continental scale movement 
behaviour of this species and how individual movement decisions and population 
level spatial ecology appears to be shaped by changes in resource distributions on 
numerous different temporal and spatial scales.
In Chapter 2, the temporal patterns of variation in space use and movement 
behaviour of nomadic waterfowl are analysed. While it has long been known that 
many species of waterfowl are nocturnally active (McNeil, Drapeau & 
Gosscustard 1992; Davis & Afton 2010), few studies have been able to fully 
describe movement behaviour of waterfowl across night and day. The aims of this 
chapter were to: 1) determine if nocturnal movement in nomadic waterfowl 
extended beyond the often observed peaks around dawn and dusk, 2) compare the 
use of habitat patches during the day and night to determine if nocturnal 
movement patterns are more dispersed than diurnal movement, indicating 
nocturnal exploratory movements, 3) determine the impact of localised flooding 
(and creation of ephemeral habitat) on the spatial and temporal extent of nocturnal 
movement in this species. 
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In Chapter 3, I focus on the identification of ecologically relevant movement 
behavioural from GPS tracking data. The questions addressed in this chapter are; 
1) Can the complex movement patterns of nomadic waterfowl be partitioned into 
defined phases of relevant behaviour? 2) Does exploratory behaviour play a role in 
the movement of a nomadic waterfowl?  3) At what spatial scales are different 
behaviours occurring?  Phases of movement behaviour are identified using a range 
of complementary techniques that utilise the characteristics of movement paths 
and provide insights into different aspects of the movement behaviour of this 
species. This analysis allows not only for the identification of distinct phases of 
movement behaviour such as sedentary, exploratory or nomadic, it also pinpoints 
the shifts between these phases, which is of crucial importance when attempting to 
uncover the cues for long distance movement in nomadic species. 
In Chapter 4 the influence of local and regional weather conditions in influencing
the movement decision of nomadic waterfowl is addressed. This chapter builds on 
previous work by Roshier et al (2008) and studies on migratory birds (Shamoun-
Baranes et al. 2006; Mandel et al. 2011; Sapir et al. 2011) which suggest a role for 
short term weather fluctuations in the movement decisions of  highly mobile 
species. The aim of this chapter is to determine if abrupt changes in movement 
behaviour, identified in the previous chapter, correlate with changes in local 
meteorological conditions and landscape level changes in resource distribution 
caused by recent flooding. Random forest models are used to determine the 
combination of meteorological and habitat conditions that best predict abrupt 
changes in movement behaviour from sedentary to long distance oriented 
movement. 
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In Chapter 5, I compare and contrast the spatial ecology of a population of 
Pacific black duck from an arid landscape with a population from an agricultural 
landscape. In the arid landscape resource distributions fluctuate rapidly in time 
and space and available habitat is characterised by small to medium sized 
ephemeral habitat patches interspersed with few large permanent and semi-
permanent water bodies. In the agricultural landscape large natural water bodies 
are rare but there is an abundance of permanent anthropogenic water sources in the 
form of farm dams, densely distributed across the study region. The agricultural 
landscape therefore represents a more homogenous and predictable resource 
distribution than that of the arid landscape. By analysing the spatial ecology of the 
same species living in such markedly different landscapes I reveal how these 
underlying spatial and temporal patterns of resource distribution shape the 
population level patterns of movement observed in each landscape.  The spatial 
ecology of each population is characterised in terms of their overall population 
range of movement, the extent to which individuals utilise their potential range 
(realised mobility) and how co-ordinated the direction and displacement of 
movements are among individuals in each landscape. 
The final chapter of this thesis presents a general discussion of the spatial 
ecology of Pacific black duck in arid and agricultural landscapes. The results from 
the preceding chapters are integrated to provide an overarching picture of the 
complex spatial ecology of this species and the   contribution of this work to our 
understanding of the movement behaviour of nomadic animals. 
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2.1 Introduction
Much of our understanding of bird migration comes from well-studied European 
and North American species in seasonally predictable climates.  The cues used by 
birds to successfully navigate and to successfully time their migratory departures 
in such systems have been determined in many species (Berthold & Terrill 1991a; 
Berthold 1996; Marra et al. 2005; Bauer et al. 2011). A central part of migration 
theory is the control of physiology and behaviour of migratory birds by an 
endogenous, circannually entrained ‘clock’ that controls the rhythm of diurnal and 
nocturnal activity (Kumar, Rani & Singh 2006; Rani et al. 2006; Singh et al.
2011; Kronfeld-Schor, Bloch & Schwartz 2013).  In typical migratory species, 
normally diurnal birds become nocturnal on certain days of the year, which 
coincide with their migratory departures (Martin 1990; Berthold 1996; Gwinner 
1996). Nocturnal activity across a range of taxa varies over time in response to 
cues such as lunar cycles (Pyle et al. 1993; Jetz, Steffen & Linsenmair 2003; 
Cozzi et al. 2012; Cruz et al. 2013; Kronfeld-Schor et al. 2013), variations in 
temperature, rainfall and food availability in fish (Fraser, Metcalfe & Thorpe 
1993; Alanärä & Brännäs 1997; Payne et al. 2012) and most notably the nocturnal 
restlessness (zugunruhe) displayed by migratory birds in response to circannual 
changes in photoperiod (Berthold & Terrill 1991a; Berthold 1996; Gwinner 1996).
Recently, however, studies such as Muhkin et al. (2005) have shown that some 
migratory passerines display nocturnal movement patterns outside of the 
migratory period or birds increase nocturnal activity in response to daytime noise 
(Fuller, Warren & Gaston 2007) and nocturnal light pollution (Miller 2006; 
Holker et al. 2010; Santos et al. 2010). These studies suggest that individual birds 
may be more flexible in adjusting their levels of nocturnal activity than previously 
thought. 
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Birds of arid ecosystems, where rainfall is seasonally unpredictable and driven by 
long term cycles of the El Niño Southern Oscillation (ENSO), provide contrasting 
systems in which to understand migration, breeding, and their timing and 
physiological control. In these ecosystems, ephemeral water bodies are exploited 
by nomadic waterbirds that are adapted to rapidly find abundant resources after 
extreme weather and then to rapidly breed (Kingsford, Curtin & Porter 1999b; 
Roshier et al. 2001a; Kingsford, Roshier & Porter 2010). Under predicted climate 
change scenarios, increases in the frequency of extreme weather events are 
expected in many ecosystems (IPCC 2013; Power et al. 2013), and so the ability 
of scientists to predict how animals might respond to these future climatic events 
may benefit from understanding how animals currently respond to events such as 
the extreme fluctuations in weather conditions brought on by ENSO. Responses 
to these environmental changes can be characterised not only by changes in where
animals move in landscapes (Holdo, Holt & Fryxell 2009), but also their temporal 
patterns of movement (Alerstam, Hake & Kjellen 2006; Bauer, Gienapp & 
Madsen 2008; Lyon, Chaine & Winkler 2008). Extreme rain events such as those 
driven by tropical cyclones have a transformative effect on desert rivers and arid 
landscapes (Kingsford 2006; Morton et al. 2011). For waterfowl the landscape 
changes from one of few permanent water bodies separated by a hostile matrix to 
a vast network of resource rich yet ephemeral habitat patches (Roshier et al. 
2001a). For many arid landscape animals and plants successful breeding and 
survival depends on an ability to respond rapidly and effectively to pulses of 
resource availability (Miller 1963; Fahse & Wissel 1997; Dean 2004; Milton, 
Dean & Leuteritz 2010; Morton et al. 2011).
In this chapter, I use fine-scale GPS satellite tracking during the day and night 
from 20 tagged Pacific black duck (Anas superciliosa). The study period 
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coincided with extensive La Niña rains across inland Australia, which allowed me 
not only to quantify movement throughout day and night under ‘baseline’ 
conditions, but to assess how birds’ nocturnality was affected by extreme 1 in 30
years flooding brought on by exceptionally strong La Niña conditions and record 
breaking rainfall (Australian Government Bureau of Meterology 2012) ,including 
the extension of cyclone Yasi over inland Australia. Whilst in temperate 
ecosystems, nocturnal activity in waterfowl is often characterised by a switch from 
one habitat to another around the hours of first and last light (Nolet et al. 2002; 
Davis & Afton 2010), little is known about movement between these times 
because of the logistical and technical challenges involved in nocturnal 
observation of birds. The findings from this chapter thus have implications for the 
understanding of waterbird movement in desert and more mesic environments. 
2.2 Methods  
2.2.1 Study Site
All birds were captured and released in the vicinity of a municipal sewage works 
in a small town, Roxby Downs, in the Australian arid zone (South Australia;
30.559°S, 136.879°E). The Arcoona lake system which extends 85km to the south 
of the release site is the only significant wetland system in the region for 
waterbirds (Read & Ebdon 1998; Pedler & Kovac 2013). While the arid interior of 
Australia receives low levels of annual rainfall, the temporal variability in this 
rainfall is extreme (Milner-Gulland, Fryxell & Sinclair 2011). This extreme 
variability in rainfall leads to a “boom and bust” system where years of prolonged 
drought are punctuated by extreme flooding events (Kingsford, Curtin & Porter 
1999a; Bunn et al. 2006; Leigh et al. 2010). During the period of this study, 2010
and 2011, the interior of Australia experienced two of the wettest years since the 
mid 1970’s (Australian Government Bureau of Meterology 2012). One extreme 
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event was caused by the extension of Cyclone Yasi over Central Australia on 6th
February 2011 when 96mm of rain fell over three days (annual mean rainfall 
1997-2013 = 152 mm, Australian Bureau of Meteorology). After this event, there 
was in the surrounding area of the study site an abundance of natural aquatic 
habitat from local run-off onto clay pans and into temporary lakes and water 
storages. 
2.2.2 Study Species
Pacific black duck (Anas superciliosa) is a widely distributed species of dabbling 
duck with a range over most of the Australian continent, and extending as far as 
South East Asia and New Zealand (Marchant & Higgins 1990b) This species is 
commonly observed on farms and man-made infrastructure such as municipal 
ponds and sewage works as well as on remote ephemeral wetlands (Marchant & 
Higgins 1990b). This species was chosen as a representative of a globally 
distributed genus that is thought to move long distances across Australia 
(Marchant & Higgins 1990b; Kingsford & Norman 2002).
2.2.3 Tracking using GPS
Twenty Pacific black duck were caught using mist nets or trapped using baited 
funnel traps. Thirty gram and twenty two gram solar powered GPS transmitters 
(Microwave Telemetry, Columbia, MD (USA)) were attached using a harness 
design following Roshier and Asmus (2009). Between December 2010 and 
September 2011 GPS fixes were collected continuously every 2 hrs. Displacement 
over a 2hr period was calculated from GPS locations with a nominal accuracy of 
15 metres. For a summary of tracking data acquired from all birds during the study 
see Table 2.1 and Appendix 1. Due to changes in solar exposure and occasional 
errors in satellite transmission a number of GPS fixes were dropped from the 
transmitted data. These missing fixes represented 24% of all data gathered. All 
Chapter 2: Nocturnal Desert Flights in Response to La Niña Rains
49
sample sizes mentioned refer to the data set with missing fixes removed. All 
analysis methods applied to this GPS data in this and following chapters are 
designed to cope with irregular trajectories commonly seen in telemetry studies 
(Calenge 2006; Katajisto & Moilanen 2006; Gurarie, Andrews & Laidre 2009).
Day and night-time movements were differentiated based on times of first and 
last light (daily time of civil twilight; Geoscience Australia) at the location of the 
individuals. GPS fixes taken on the borderline between night and day were 
classified as a day-time fix if last light occurred >60 minutes into the two hours
between the two fixes. Similarly if first light occurred >60 minutes into the two 
hour period, this was classified as a night-time fix (Figure 2.1(A)). The mean
cumulative displacement of individuals over the study period (Figure 2.1(C)) was 
calculated from daily mean displacements per individual in 2h over the day and 
night period extrapolated to a 24 hour period, to take into account any missing 
fixes and variability in number of individuals per day. With changing moon phase, 
the amount of light reflected from the moon changes dramatically, and plausibly this may 
influence the movements of waterfowl. Increased light levels may better indicate collision 
hazards, and water bodies, but it may elevate predation risk (Martin 1990). Data on the 
moon phase was gathered from the Bureau of Meteorology website 
(www.bom.gov.au).
With the exception of data presented in Figure 2.1, all analyses presented were 
performed on data confined to locations within a 60 km radius of our release site. 
This was done in order to examine changes in behaviour when all individuals were 
experiencing the same conditions at the same locations and not undertaking long 
distance movements across the broader region. A radius of 60km was chosen 
because preliminary data suggested that this was the maximum distance an 
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individual could travel within a 2hr interval between relocations and still return to 
their original location.
2.2.4 Nocturnal Movement Behaviour
Distance moved in 2 hours was taken as a measure of the extent of diurnal or 
nocturnal movement. The Nocturnality Index is a simple ratio of displacement at 
night in relation to total displacement across 24 hours. The Nocturnality Index 
(NI) was calculated using the following formula:    
ܰܫ = ݄݊݅݃ݐ ݀݅ݏ݌݈ܽܿ݁݉݁݊ݐ(݄݊݅݃ݐ ݀݅ݏ݌݈ܽܿ݁݉݁݊ݐ + ݀ܽݕ ݀݅ݏ݌݈ܽܿ݁݉݁݊ݐ)
Where night displacement = mean distance (km) moved per bird during a night 
period and day displacement = mean distance (km) moved per bird during a day 
period. Weather variables were taken from the Australian Bureau of Meteorology
records from three weather stations in the study area (Roxby Downs Airport, 
Roxby Downs Station, and Andamooka Station).
2.2.5 Statistical Analysis
Statistical analyses were carried out using SPSS v20 (IBM Corp., Armonk, NY 
(USA)) and the R statistical programming environment (R Core Development 
Team 2008). Paired T-tests were used to determine whether there were significant 
differences in mean values of the Nocturnality Index before and after a period of 
extreme rainfall. Welch’s T-test was used to account for repeated measures in the 
data. A period of 14 days centred around the major rainfall on the 6th of February 
2011 was taken as the event period. The “before” and “after” periods represent 28 
days before this event period and 28 days after the event period. Utilisation 
distributions for all birds combined, using kernel density estimation,(Millspaugh 
et al. 2006) and individual trajectories were created using the “Adehabitat” 
package in R (Calenge 2006). Kernel density estimations do not have a 
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requirement for serially independent data (De Solla, Bonduriansky & Brooks 
1999)
Second-order statistics, the O-ring statistic (Condit et al. 2000; Wiegand & 
Moloney 2004), were used to determine the number of centres-of-activity or 
clustering within the spatial distribution of locations at each site and whether the 
day or night-time pattern is more (or less) clustered than the other. The O-ring 
statistic, O(r), for isotropic patterns gives the expected density of points within a 
ring or annulus a specified distance from an arbitrary point in the pattern. If the 
intensity of the distribution of points within a region is not homogenous, apparent 
aggregation or attraction within a point pattern may be due to first-order effects in 
the environment (see Watson et al. (2007) for example). Given that Pacific black 
duck are wetland dependent, a null model of complete spatial randomness (CSR) 
is inappropriate for exploring second-order effects. Thus, I first tested if the 
second-order properties of day and night-time distribution patterns can be 
approximated by heterogeneous Poisson processes where the constant intensity of 
the homogenous Poisson process (CSR) is replaced by an intensity function that 
varies with location. The intensity function used was described by the combined 
pattern of day and night data, and was assumed to be shaped by the available 
water bodies in the local area. Second, I compared the univariate component 
patterns for day and night-time distributions to determine whether one was more 
(or less) clustered, conditional on the structure of the joined patterns. The 
significance of the observed pattern was assessed by comparing the observed 
distribution function to the confidence envelope generated by Monte Carlo 
simulations of the null model. All analyses were carried out using the grid-based 
estimators in the Programita software package (Wiegand & Moloney 2004).
Chapter 2: Nocturnal Desert Flights in Response to La Niña Rains
52
2.3 Results
2.3.1 Nocturnal Flight Throughout the Night
While some individuals moved long distances in 24 hrs, the majority of 
displacements were small scale leading to low mean daily displacement (Table 
2.1). From the few in-flight records that were gathered (n=106) it appears that 
even during long distance movement, Pacific black duck travel in short, rapid 
bouts of low altitude flight (Table 2.1).
Throughout the night, birds moved greater distances per hour than during the day 
(Figure 2.1(A)) over the whole study period. Birds moved continuously 
throughout the night, well beyond the expected peaks of movement activity at 
dawn and dusk commonly observed in waterfowl. Furthermore, displacement over 
longer distances occurred almost solely at night, except in one instance. Mean
displacement during the day was far below the overall mean (Figure 2.1 (B)) with 
a clear divergence in average cumulative displacement per individual between day 
and night over the whole study period (Figure 2.1(C)).  These results indicate that 
movement of this generalist species of waterfowl during the night is extensive and 
that this activity is not only limited to habitat switching in the period around dawn 
and dusk.
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Table 2.1: Summary of tracking data for all birds released at Roxby Downs. N/A indicates either no in-flight records for that individual or the transmitter used (22g 
GPS) was not capable of recording altitude.
ID Maximum 
Displacement in 
24hrs (km)
Mean Displacement in 
24hrs (km)
Maximum Distance From The 
Origin (km)
Maximum Speed 
(km/h)
Maximum 
Altitude (m)
No. Days 
Tracked
96585 18.29 1.77 25.64 39.00 63 42.74
96586 463.63 7.85 468.22 78.00 40 317.43
103419 25.26 1.29 33.95 78.00 73 184.15
103420 1.43 0.45 1.45 80.00 17 18.31
103421 14.35 1.78 22.13 68.00 25 38.60
103422 39.58 1.75 46.06 79.00 65 348.56
103423 59.44 4.14 64.10 87.00 57 68.31
103424 77.75 2.37 89.13 88.00 N/A 174.98
103425 159.08 4.07 182.56 50.00 N/A 297.65
103426 186.65 2.35 215.96 56.00 N/A 252.15
103427 245.97 6.56 461.24 83.00 N/A 232.48
103428 21.92 0.95 26.08 56.00 N/A 209.10
103421RED 1.37 0.76 1.34 2.00 18 5.31
103423RED 55.84 2.87 36.14 71.00 25 206.27
96585RED 76.99 4.85 177.23 77.00 17 78.31
96585RED_2 1.18 0.11 1.42 72.00 31 69.73
96586RED 9.35 0.72 18.58 80.00 22 93.52
99020RED 170.46 2.24 164.21 68.00 35 89.10
99023RED 139.52 8.98 177.77 2.00 35 143.85
99035RED 25.04 1.70 25.56 79.00 57 165.23
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Figure 2.1: In figures A-C, pink indicates ‘day’ values and blue indicates ‘night’ values. 
A) Displacement between consecutive GPS fixes at 2 hours intervals against time of day, 
shown in relation to first light (0 hours) and last light (12 hours).  Blue indicates GPS 
fixes after last light and before first light, and pink indicates fixes between first light and 
last light.  Data from 10,521 GPS fixes from 20 birds. Displacements of less than 100m 
were removed as they represent fine scale movements within individual ponds.  Almost 
all displacements over longer distances occurred at night. B) Mean individual divergence 
from the mean displacement in two hours of all birds (± S.E.), shown separately for night 
(blue) and day (pink). Displacement is higher during the night.  C) Cumulative 
displacement by all birds from December 2010 to September 2011, shown in 10 day 
increments, and separately for day (pink) and night (blue). Birds flew a much greater
distance at night than during the day.    
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Moon phase showed no significant influence on the displacement of individual
birds during the day or night. Birds moved similar distances at night regardless of 
moon phase (Fig 2.2). 
Figure 2.2. Mean distance moved per day of Pacific black duck individuals (± 95% 
confidence interval) during four different moon phases in the Roxby Downs region. 
Displacement at night is shown in blue and displacement during the day is shown in pink.  
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Birds visited a greater number of locations throughout the night than during the 
day (Table 2.1) with multiple visits by birds to small and medium sized local 
water bodies (within 60 km radius of the point of release) throughout the night. 
Point pattern analysis of the clustering pattern in Pacific black duck GPS locations 
at night and day reveals that while daytime locations are tightly clustered around a 
number of distinct centres of activity, nocturnal locations are more widespread 
with larger clusters and a smaller number of centres of activity (Table 2.2). Further 
comparison of spatial patterns of night and day locations using random labelling 
(Figure 2.2) confirms that the spatial arrangement of night time locations is 
significantly more dispersed on a spatial scale of 2-24km radius as well as at the 
32-48km scale. These results suggests that Pacific black duck are engaging in 
exploratory movement around their local landscape at night and remaining largely 
sedentary around centres of activity during the day. 
Table 2.2: Mean number of locations visited at day and night (±± S.E.) before and after
the La Niña rainfall (n=7 birds). There was an increase in the number of locations visited 
at night after La Niña rains (Welch T, t = 3.8, df = 8.2, p<0.005).  There was also an 
overall increase in the number of locations visited (Welch T, t = 2.4, df = 9.9, p= 0.036).
A greater number of GPS points were collected for the day time portion of the data than 
for the night time portion but the number of water bodies visited was lower in the day 
time portion. (Night-before: 624 GPS points, Day-before: 828 GPS points, Night-after: 
1052 GPS points, Day-after: 1288 GPS points) 
ID Night Locations 
Before Cyclone 
Yasi
Day Locations 
Before Cyclone 
Yasi
Night Locations 
After Cyclone 
Yasi
Day Locations
After Cyclone 
Yasi
Mean 3.4 ± 1.3 2.4 ±0.5 15.4± 2.9 4.9 ± 0.9
Total 24 17 108 34
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Table 2.3: Cluster size and number of clusters shown separately for day and night GPS 
fixes, during the 18 months of this study.  Here ‘cluster’ is an aggregation of points nearer 
to each other than if randomly distributed (Wiegand & Moloney 2004). The number of 
clusters effectively indicates the number of ‘centres of activity’ within the spatial 
distribution of GPS fixes. The size of the clusters indicates how dispersed the fixes are 
around those centres of activity. As such, the parameters indicate that during the day fixes 
are tightly aggregated, and at night are less tightly aggregated, and many sites are visited.  
The clustering model which best describes the pattern of night locations is one with a 
smaller number (8.73) of larger clusters (2.18km radius), indicating a more widely 
dispersed pattern of activity (n=23,284 GPS fixes). 
Cluster Size 
(km)
Day
Cluster Size 
(km)
Night
No. Of 
Clusters Day
No. Of 
Clusters Night
0.77 2.18 20.27 8.73
Figure 2.3:  Spatial pattern of night and day time locations modelled using Monte Carlo 
simulations in Programita (Wiegand & Moloney 2004).  Y axis shows the degree of 
dispersion (positive values) or clustering (negative values). X axis shows the spatial scale 
on which the patterns were compared. Yellow shading indicates where the dispersion of 
night locations (black line) falls outside the confidence envelope of day locations (red 
lines). The O-ring statistic, O(r), gives the expected density of points within an annulus at 
a specified distance from an arbitrary point in the pattern; it identifies scales at which the 
dispersion of the point pattern changes. As indicated by the yellow shading, the night time 
point pattern is more dispersed than the day time one at both 2-24km and 32-48km 
(n=23,284 GPS fixes).
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2.3.2 Rapid Increase in Distance Flown at Night Following La Niña Rains
The data show that Pacific black duck modify the spatial and temporal properties 
of their nocturnal movement activity in response to rapid changes in their local 
environment brought on by La Niña rains. Following the arrival of a major rain 
storm (Figure 2.3 (A-C)) caused by cyclone Yasi on 6th February 2011, nocturnal 
movement of Pacific black duck rapidly increased (Figure 2.3(D)) as indicated by 
the Nocturnality Index (NI). In comparison with a 28-day period before the 
rainfall event, NI of all individuals was significantly increased in a similar period 
after the rainfall event (Welch T, t = 2.1, df = 48.8, p<0.03). Both the value of the 
NI and the mean displacement in 2 hours can be seen to peak in the days after the 
rainfall event (Figure 2.3 (D)). Birds not only moved further after major rainfall, 
but they did so almost entirely at night. Furthermore the NI and the mean 
displacement in 2 hours remained at an increased level following intense rain from 
the remnants of cyclone Yasi, dropping off slowly in the weeks following the 
major rain event as freshly created wetland habitat persisted in the landscape.
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Figure 2.4: A-C) Rainfall maps showing Cyclone Yasi 
in central Australia, 1-6 February 2011.  Colours 
indicate rainfall (mm) over 4 hours. Images from 
NASA (http://trmm.gsfc.nasa.gov/trmm_rain/Events).  
D) Displacement over two hours (shown in red), 
nocturnality index (± SE, shown in black), and daily 
rainfall (shown in green) all plotted against time during 
2011 (January – August) including the arrival of 
Cyclone Yasi (n= 20 birds, n=23,284 GPS fixes). The 
nocturnality index (NI) represents the relationship 
between displacement during the day and during the 
night, with higher values indicating a greater 
proportion of movement taking place nocturnally. The 
La Niña rains triggered large increases in nocturnality 
and displacement. Displacement in two hours for all 
individuals in the study was smoothed using a running 
average with sampling proportion of 0.1, in Sigmaplot 
12.0 (Systat Software Inc, Chicago, USA).   Rainfall 
was the mean daily rainfall from three nearest stations
(Roxby Downs, Roxby Downs Airport, Andamooka).
A B C
D
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The number of locations visited at night also increased rapidly in the period (28 
days) following heavy rainfall caused by Cyclone Yasi (Welch T, t = 3.8, df = 8.2, 
p<0.005) , showing a five-fold increase in numbers of locations visited (Table 
2.1). While the number of locations visited during the day also increased after the 
La Niña rains (Welch T, t = 2.4, df = 9.9, p= 0.036), the number of locations 
visited remained comparatively low before and after compared to the number of 
night locations (Table 2.1). 
Before the La Niña rains, birds were observed to use a limited area within their 
local landscape (Figure 2.4), with activity centred almost entirely on the municipal 
sewage works at the study site. After the rainfall event birds increased their use of 
the surrounding landscape as new habitat was created and new centres of activity 
began to emerge. The 95% utilisation distributions for the before and after periods 
only overlap by 47%, most of which is explained by the sewage works acting as a 
day roost for most waterfowl in the area throughout the study period. An example 
of one individual’s trajectory during both periods illustrates the typical response of 
all individuals to the creation of new habitat (Figure 2.4). 
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Figure 2.5: A-B) Utilisation distribution (UD) of tagged birds (n=20) in a 60km radius 
around the release site, shown separately for before and after the La Niña rains (28 day 
period before and after 6 February 2011, n=23,284 GPS fixes). Areas of intense utilisation 
are shown in blue, and less intense in red. The outer boundary of the UD represents the 
area within which there is a 95% probability of locating an individual. The dark blue 
boundary represents the area within which there is a 50% probability of locating an 
individual. Both panels show intense activity around the release site. There was a 58% 
increase in area of the utilisation distribution after the La Niña rains. C-D) Trajectories for 
one representative individual showing a movement pattern which was typical of all birds 
tagged before and after the La Niña rains. As earlier, blue indicates night locations, and 
pink day locations. After rainfall, the bird visited more sites, primarily at night, and over a 
larger area.
A B
C D
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2.4 Discussion
The main points to emerge from this chapter are: (1) in contrast to well-studied
migratory species in northern hemisphere temperate ecosystems, where daily 
cycles of movement are entrained to circannual cycles in photoperiod birds, birds 
in non-seasonal ecosystems modify their daily cycle of movement activity, 
increasing their nocturnal movement in response to La Niña weather. (2) Birds 
flew during all hours of the night, not just around dawn and dusk as predicted 
from earlier studies. (3) At night, birds visited more locations, and these locations 
were more dispersed than water bodies visited during the day. (4) Long distance 
flights occurred almost exclusively at night, and the cumulative distance moved at 
night was higher than during the day.  Taken together, these findings reveal that 
nocturnal flight is a common behaviour for this species, that habitat creation 
brought on by La Niña rains rapidly causes birds to undertake a larger proportion 
of their total 24 hour movement nocturnally, and that they explore a larger number 
of locations at night than during the day. 
This study is the first to demonstrate nomadic waterfowl adjust levels of 
nocturnal behaviour in response to rapid changes in local environmental 
conditions. The activity (measured as displacement in a two hour period) of 
Pacific black duck individuals was seen to increase rapidly following large scale 
environmental changes and most of this movement happens at night. While many 
laboratory studies have shown that migratory passerines increase nocturnal 
activity levels before migration (e.g., Berthold & Terrill 1991a; Berthold 1996; 
Gwinner 1996), attempts to quantify nocturnal behaviour in birds in the wild have 
largely been limited to activity budgets and counts of foraging individuals (Owen 
1991; Guillemain, Fritz & Duncan 2002a; Mukhin, Kosarev & Ktitorov 2005).
The Nocturnality Index presented here gives a simple, robust measure of nocturnal 
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movement behaviour in the wild using displacement of individuals throughout a 
24 hour period. Using this measure revealed a rapid increase in nocturnal 
movement of individuals in response to a rainfall event that transformed the 
landscape and created numerous rich habitat patches. 
Intense rainfall events in the arid zone of Australia, such as occurred on 6th of 
Feb 2011 with the arrival of cyclone Yasi in central Australia (Figure 2.3(A-C)),
create large areas of potential breeding and feeding habitat for waterfowl (Roshier 
et al. 2001a). Birds responded to rapid wetland habitat creation after an extreme 
rainfall event by shifting to a nocturnal movement strategy (Table 2.1, Figure 2.4) 
and remained in a largely nocturnal phase of behaviour for weeks afterwards. The 
increase in the number of locations visited at night after the rainfall event far 
exceeds any increase in the locations visited during the day (Table 2.1). This 
indicates that even though the same number of habitat patches is available, birds 
are choosing to explore this newly created habitat throughout the night and 
remaining sedentary during the day. The major aerial predators of waterfowl in 
this environment are diurnal raptors such as kites and eagles. The arid landscape is 
also not a visually complex landscape with few trees or other landscape obstacles.
The impulse to nocturnally explore their local habitat appears to be unaffected by 
moon phase (Fig 2.3) suggesting that visibility to nocturnal predators and collision 
hazards are not strong enough factors outweigh the potential advantages of 
nocturnal flight for this species even on strongly moonlit nights. It should also be 
noted that the available data on moon phase is a relatively crude measure of 
available moonlight as it does not take into account the amount of time the moon
is above the horizon during the night, the levels of cloud cover and numerous 
other potentially confounding factors.
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The municipal sewage works where all birds were captured remained the focal 
point for birds in this region. The presence of permanent water sources in this arid 
landscape, where most natural water sources are ephemeral, can have far reaching 
effects on arid ecosystems in terms of the movement of individuals and 
populations of a number of species (James, Landsberg & Morton 1999; Newsome
et al. 2013) . The potential influence of permanent water sources on the spatial 
ecology of Pacific black duck is discussed in more detail in following chapters 
(Chapters 4 & 5). While it is clear that animals must adjust their behaviour in 
response to landscape level changes in resource distribution (Roshier, Doerr & 
Doerr 2008; Dean, Barnard & Anderson 2009; Milton, Dean & Leuteritz 2010),
this study shows that a response to rapid environmental change can manifest itself 
as a shift to nocturnal movement patterns. 
One of the main aims of this chapter was to characterise the utilisation of habitat 
by waterfowl at fine spatial and temporal scales, in relation to rapid changes in 
resource distributions. The frequent sampling rate and accuracy of GPS allow for 
the application of spatial analysis techniques such as point pattern analysis that to 
date have rarely been applied to movement data (Getz & Saltz 2008; Roshier, 
Doerr & Doerr 2008; Bayard & Elphick 2010). The spatial patterns of Pacific 
black duck locations at night and day reveal that while daytime activities are 
tightly clustered around a small number of water bodies nocturnal movements are 
more loosely clustered (Table 2.2, Figure 2.2). The strongly contrasting spatial 
patterns during day and night suggest that these patterns are being created by very 
different behaviours. 
Owen (1991) described nocturnal feeding habitats in a range of waterfowl 
including those in the genus Anas. Since then compelling evidence has emerged 
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that waterfowl display a tendency towards habitat switching during dawn and dusk 
(e.g., Davis & Afton 2010) and nocturnal foraging (McNeil, Drapeau & 
Gosscustard 1992; Lane & Hassall 1996b; Guillemain, Fritz & Duncan 2002b)
One explanation for this tendency is that waterfowl prioritise safety from predators 
during the day more so than at night, when they are free to forage in more open 
areas (Guillemain, Fritz & Duncan 2002b).  The Pacific black duck is a member of 
a globally distributed genus found in habitats ranging from Arctic tundra to desert 
(BirdLife-International 2012). These results challenge prevailing assumption that 
nocturnal movements of waterfowl are largely confined to dawn and dusk and 
suggest that non-migratory nocturnal movements could be a key factor in the 
ecology of many species in different biomes. 
The results show a strong pattern of birds moving greater distances and visiting 
many different locations throughout the night (Figure 2.1, Table 2.1). This 
suggests that relying solely on day time counts of individuals (Kingsford & Porter 
1994; Norman & Chambers 2010; Murray et al. 2012) could give rise to 
misleading conclusions on the distribution and behaviour of many waterfowl 
species. While it is likely that a large part of the motivation for nocturnal 
movement is to seek out ephemeral sources of food (Owen 1991; McNeil, 
Drapeau & Gosscustard 1992; Davis & Afton 2010) and sites visited nocturnally 
by waterfowl may be important feeding grounds, this does not mean that important 
locations identified during day time counts are merely roosting spots. Long 
distance movements away from the municipal sewage works were generally rare 
and many individuals spent the majority of the tracking period at this location, 
indicating that it must have some value as a foraging site. Both diurnal and 
nocturnal sites should be considered as potentially crucial pieces of the pattern of 
foraging and habitat use. I find support for the conclusions of Guillemain et al 
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(2002b) which suggests that a full understanding of nocturnal movement patterns 
should influence conservation decisions on the extent and boundaries of protected 
areas.
The findings suggest that variability in levels of nocturnal activity is being driven 
by a suite of internal and external factors acting concurrently to influence 
observed patterns of movement. While foraging and predator avoidance no doubt 
play a major role in the motivation to move at night (McNeil, Drapeau & 
Gosscustard 1992; Brana, Prieto & Gonzalez-Quiros 2010), the continuous 
movement throughout the night as well as the widely dispersed spatial pattern 
suggest that these birds are also engaging in exploratory behaviour. This 
exploratory behaviour may include prospecting for good breeding sites or for 
gaining information on current habitat availability and quality (Bennetts & 
Kitchens 2000). It is likely that individuals use the nocturnal period to fully 
explore their local landscape (Figure 2.4) while free from the threat of diurnal 
predators.
While the results presented show a clear response in terms of nocturnality to 
local rainfall, it should be noted that these results are based on a single extreme 
rain event that had a transformative effect on this arid landscape.  The increased 
nocturnal activity observed manifested itself as increased local movement to 
newly created water bodies and is best viewed as a response to habitat creation 
rather than directly to rainfall. The response of Pacific black duck to smaller 
rainfall events is likely to be more subtle and difficult to analyse as small amounts 
of rainfall may have a cumulative effect and ‘top-up’ local water bodies. As can be 
seen from Figure 2.3(D), the response to a previous large flooding event can linger 
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for months after the initial peak in activity which could mask responses to later 
smaller events. 
2.5 Conclusion
The findings from this chapter reveal flexibility in the spatial and temporal 
patterns of movement behaviour of Pacific black duck in response to La Niña
flooding. Moving greater distances at night may be driven not only by the search 
for food but a need to constantly explore and update information on local 
conditions in a highly variable landscape, as suggested in Snail Kites (Rostrhamus 
sociabilis) (Bennetts & Kitchens 2000; Bowling, Martin & Kitchens 2012). The 
data presented suggest that the nocturnal movement behaviour of birds may be 
more flexible than previously thought and is in contrast to migratory systems 
where nocturnal movement is entrained to seasonal changes in photoperiod.  I
propose that the evidence presented here, of waterfowl from a globally distributed 
genus displaying flexibility in nocturnal behaviour, should lead us to re-evaluate 
the importance of nocturnality as a response to changes in the local environment in 
related species living in different biomes.
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3.1 Introduction
A central challenge in movement ecology is inferring animal behaviours from 
remotely sensed tracking data (Morales et al. 2004; Ropert-Coudert & Wilson 
2005; Morales et al. 2010; Dowd & Joy 2011). The field of movement ecology
has seen rapid development in recent decades as tracking technology has become 
more advanced and more widely available (Barraquand & Benhamou 2008; 
Hebblewhite & Haydon 2010). It is now possible to track movements of animals 
at fine temporal scales across vast and inaccessible areas, where behavioural 
observations would be impossible, such as desert landscapes (e.g., Roshier & 
Asmus 2009; Strandberg et al. 2010; Cappelle et al. 2011). This allows 
researchers to not only see where animals go, but, by analysing the characteristics 
of their movement such as velocity, directedness or tortuosity, to identify shifts 
between phases of ecologically relevant behaviour and the scales on which these
occur. 
Identifying distinct types of movement in animal trajectories has found 
particular application in the marine environment (e.g., Fauchald 1999; Jonsen, 
Myers & Flemming 2003) where methods such as state space analysis and 
analysis of first passage time have been used to explore the ecological significance 
of movement behaviour in yellow-nosed albatross (Thalassarche carteri), (Pinaud 
& Weimerskirch 2005), Manx  shearwater (Puffinus puffinus) (Guilford et al. 
2009), leatherback turtles (Dermochelys coriacea),(Bailey et al. 2012) and even 
fishing vessels (Votier et al. 2010; Walker & Bez 2010).  In a recent development
accelerometry technology applied on a fine temporal scale coupled with machine 
learning techniques has been utilised to infer behaviours such as flapping flight, 
soaring or foraging in migratory birds (Shamoun-Baranes et al. 2012).
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Predictability and heterogeneity of resource distributions is a key factor 
influencing movement strategies of animals (Forester et al. 2007; Barraquand & 
Benhamou 2008; Fryxell et al. 2008; Getz & Saltz 2008; del Mar Delgado et al.
2010; Mueller et al. 2011). In environments where resource availability fluctuates 
greatly animals tend to either adopt life-cycle strategies that reduce their resource 
needs, such as hibernation or estivation, or move to locations where conditions are 
more favourable. When resource availability varies non-seasonally many animals 
adopt nomadic movement strategies (Miller 1963; Davies 1984; Fahse & Wissel 
1997), switching between periods of sedentary behaviour and periods of high 
mobility as resources wax and wane (Allen & Saunders 2002; Kingsford & 
Norman 2002; Kingsford, Roshier & Porter 2010). By applying behavioural 
analysis to fine-scale tracking data, it is possible to uncover ecologically 
significant phases of movement behaviour in wide-ranging animals and elucidate 
the links between abrupt shifts in movement behaviour and rapidly fluctuating 
resource distributions. With advances in GPS technology and analysis the field of 
movement ecology has put into practice the proposals of Lima and Zollner (1996)
who suggested that methods from behavioural and landscape ecology should be 
applied together in the analysis of animal movement, whereby individual 
behaviour can be viewed as a response to landscape level phenomena. Recent 
studies approach animal movement behaviour in relation to how information about 
resource distributions on different scales is utilised by animals to inform 
movement decisions (Roshier, Doerr & Doerr 2008; Mueller et al. 2011; Berbert 
& Fagan 2012; Fronhofer, Hovestadt & Poethke 2013).
Bennetts and Kitchens (2000) suggested that one of the mechanisms by which 
a nomadic species might cope with spatiotemporal fluctuations in resource 
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distributions is by engaging in exploratory behaviour (Bell 1991, see Chapter 1 for 
definition) during times of abundance, when the costs of such behaviour are lower, 
to reduce the risk of unprofitable searching when local conditions become more 
harsh and poor choices costly. Exploratory behaviour in many animal taxa has 
been well documented in the context of natal dispersal (Haughland & Larsen 
2004), foraging (Fryxell et al. 2008) and in territorial species (Young & Monfort 
2009). In birds, exploratory behaviour has been found in individuals searching for 
new territories (Reed et al. 1999; Pärt et al. 2011) and has been studied in the 
context of neophobia and how this affects behavioural syndromes  (Dingemanse et 
al. 2004; Mettke-Hofmann et al. 2005). However, exploratory movement in birds 
is rarely considered in the context of adults assessing the condition of their local 
landscape to inform movement decisions (Bennetts & Kitchens 2000; Roshier, 
Klomp & Asmus 2006). King eider (Somateria spectabilis) overwintering in the 
harsh conditions of the Bering Sea, have been observed to engage in exploratory 
flights to gather information on viable overwintering sites as insurance against 
environmental fluctuations (Oppel et al. (2009).  Previous work on nomadic grey 
teal (Anas gracilis) in Australia  has suggested that long distance movements by 
waterfowl in these landscapes shift were of two types, “ranging” behaviour 
(undirected, tortuous movement) and directed movement towards specific 
locations (Roshier, Asmus & Klaassen 2008).
In this chapter I aim to specifically investigate the role of exploratory patterns 
of movement in a wide-ranging species living in a highly variable arid landscape.
Pacific black duck are thought to display a range of different movement 
behaviours (Frith 1963a; Frith 1967) and analyses of patterns in their movement 
can yield insights into the factors influencing movement decisions of birds in arid 
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landscapes. The objectives for this chapter were to, 1) identify distinct phases of 
movement behaviour in a wide ranging species of arid zone waterfowl, 2) 
determine if area restricted searching behaviour is employed by Pacific black duck 
in a highly variable arid landscape and, 3) determine if the movement 
characteristics of Pacific black duck differ at local and landscape scales. 
3.2 Methods
3.2.1 Study Site
The study site was in the vicinity of Roxby Downs in northern South Australia 
as described in Chapter 2. The Arcoona lake system which extends 85 km to the 
south of the trapping location is the only significant wetland system in the vicinity 
of Roxby Downs for waterbirds (Read & Ebdon 1998; Pedler & Kovac 2013).
This system is composed of 10 large ephemeral lakes, which remained full for the 
duration of this study, and numerous swamps fed by runoff and direct rainfall.  
Inland Australia is dominated by arid ecosystems (<200 mm average annual 
rainfall) in which productivity is driven by infrequent rainfall and flooding events
(Bunn et al. 2006) and animals respond to fluctuations in conditions driven by 
long term cycles of ‘boom and bust’ (Morton et al. 2011). During the period of 
this study (2010 and 2011), inland Australia experienced two of the wettest years 
since the mid-1970s (Australian Government Bureau of Meterology 2012) with 
heavy La Niña rains (Figure 1.5).  
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3.2.2 Tracking Pacific Black Duck with GPS
Pacific black duck (Anas superciliosa), as described in previous chapters, are
commonly observed on farms and man-made infrastructure such as municipal 
ponds and sewage works as well as on remote ephemeral wetlands (Frith 1963a; 
Marchant & Higgins 1990a; Kingsford & Porter 1994; Kingsford & Norman 
2002). Pacific black duck were trapped and tagged with GPS transmitters as per 
methods detailed in the previous chapter. Twenty birds were tagged and released 
in the arid landscape around Roxby Downs and the data presented here covers the 
period from December 2009 to March 2013. 
3.2.3 Time Series Segmentation
Time series segmentation (Dettki & Ericsson 2008) scans the time series of 
relocations and identifies peaks in normalised deviation in net displacement  from 
the origin to pinpoint and distinguish between phases of movement and sedentary 
behaviour. A positive deviation indicates movement away from the origin and a 
negative a return to the origin. A single peak of positive net displacement indicates 
a single dispersal movement away from the origin. Dispersal can also be 
sequential, for example with two positive peaks in displacement interspersed by 
prolonged sedentary behaviour. A series of relocations is classified as migratory if 
it displays two net displacements (one positive and one negative), the sum of 
which is zero, indicating a single movement to a distant location and a return to 
the place of origin; this is commonly seen in migratory species (Newton 2010). A
series of relocations is classified as nomadic if it displays numerous peaks, the 
sum of which is a high positive value, which indicates a pattern of continuous 
movement away from the point of origin, as might be expected if an animal were 
continuously moving between patches of habitat in a fluctuating landscape. A cut 
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off of ± 0.5 standard deviations was used as a threshold to distinguish a long 
distance movement from movements associated with normal foraging movements. 
This cut off was chosen by running the analysis on a subset of data from an 
individual with a very simple movement trajectory including a long sedentary 
phase followed by a single long distance movement. Time series segmentation 
was used as an initial screening to determine if it was possible to identify broad 
shifts in movement behaviour from this data set, and was carried out following 
Dettki et al (2008) in  the R programming environment (R Core Development 
Team 2008).
3.2.4 First Passage Time Analysis
Analysis of First Passage Time (FPT) following Fauchald and Tveraa (2003)
was used to further elucidate patterns in movement and to determine the relevant 
spatial scales on which these patterns occur.  In this analysis a circle of a given 
radius is moved along an individual trajectory and the time taken by the animal to 
exit that circle is measured at each point. Circles were drawn at 2km intervals 
along each trajectory. In order to produce a regularly spaced trajectory for this 
analysis linear interpolation between points was used to give a location at 2km 
intervals along each track. The procedure was repeated for circles of increasing 
radius.  A peak in FPT at a given point along an individual trajectory indicates that 
the animal’s movement is confined within this geographical area, referred to as 
Area Restricted Search (ARS). The variance in first passage time at different radii 
can be used to identify at what spatial scales ARS is occurring. Peaks in the 
variance in log of FPT can be used to elucidate foraging patterns in complex 
systems of hierarchical resource patches as searching behaviour within a restricted 
area can be detected at numerous nested spatial scales (Pinaud & Weimerskirch 
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2005; Pinaud 2008). At fine spatial scales it would be expected that all individuals 
would show ARS linked to small scale foraging movements within a single water 
body.  In preliminary analysis all individuals showed an extremely high peak of 
variance in log (FPT) at spatial scales <5 km. These peaks were so large as to 
mask peaks at other scales preventing further analysis of search behaviour at 
larger scales and as such, fine spatial scales were excluded from further FPT
analysis. A larger scale analysis was carried out for all birds on a scale from 10-
500 km. If animals engage in exploration of their locality (10-60 km radius), for 
example while searching for suitable foraging sites, they would be expected to 
show a peak in ARS at this scale. If an individual moves throughout a landscape 
in a continuous movement searching for suitable habitat patches we would expect 
to see ARS occurring at large spatial scales (>100km). Based on flight speeds and 
distance moved inferred from  GPS tracking, a radius of 60km was chosen as a 
local scale, as it was assumed that this was the maximum distance over which an 
individual could travel and still return to the point of origin within a two hour 
period between relocations. Furthermore, all individuals that moved greater than 
60km from the release site were found to undertake long distance flights
(>100km) and as such it was considered as the boundary of ‘local’ movement for 
this analyses. FPT analysis was carried out using the package “adehabitatLT” 
(Calenge 2006) in the R programming environment (R Core Development Team 
2008).
3.2.5 Behavioural Change Point Analysis
Behavioural Change Point Analysis (BCPA) following Gurarie et al (2009) was 
used to detect phase changes in the movement behaviour of individual birds. 
BCPA decomposes movement data into two variables, persistence velocity which 
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represents the magnitude and tendency of a movement to persist in a given 
direction, and turning velocity which corresponds to the likelihood of the animal 
making a 90 degree turn from its current direction. 
݌݁ݎݏ݅ݏݐ݁݊ܿ݁ ݒ݈݁݋ܿ݅ݐݕ = ݒ݈݁݋ܿ݅ݐݕ × cos(ݐݑݎ݊݅݊݃ ݈ܽ݊݃݁)
ݐݑݎ݊݅݊݃ ݒ݈݁݋ܿ݅ݐݕ = ݒ݈݁݋ܿ݅ݐݕ × sin(ݐݑݎ݊݅݊݃ ݈ܽ݊݃݁)
A moving window is scanned along the time series of animal locations and 
maximum likelihood methods are used to detect significant changes in the 
characteristics of the movement behaviour. In this way, BCPA can detect 
significant changes in a time series of movement data without making a-priori 
assumptions about where these changes might be expected to occur. 
Persistence velocity was used in this study to identify abrupt shifts from 
sedentary behaviour to long distance oriented flights. A moving window covering 
12 fixes was used as this represented 24 hours of movement data (one GPS fix 
every 2hrs). BCPA takes into account the autocorrelation between each data point 
as it uses a sweep of the time series or relocation data, searching for most 
significant change points and identifying the most parsimonious model according 
to an adjusted Bayesian Information Criterion (BIC) (see documentation for R 
package ‘bcpa’ and Gurarie, Andrews & Laidre 2009 for details). The sensitivity 
parameter (K) was set to 0.5 (default level is K=2) making it more likely that the 
null model (no significant change points) would be selected. This was done to 
increase confidence in these change points representing abrupt and holistic 
changes in an individual’s behaviour.  Phases of long distance oriented movement 
would be characterised by an increase in the mean value of persistence velocity, 
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while an increase in the variance around the mean indicates a more variable 
movement pattern with more variation in displacement, turning angle and velocity 
between subsequent fixes. BCPA analysis was carried out in  the R programming 
environment (R Core Development Team 2008).
3.3 Results
3.3.1 Time Series Segmentation
Results from Time Series Segmentation analysis (TSS) showed that seven out 
of the twenty individuals released at Roxby Downs undertook movements greater 
than ± 0.5 standard deviations of normalised net displacement away from their 
point of origin. Of these seven individuals, five had dispersive patterns of 
movement as defined by one positive peak in net displacement (Figure 3.2(A)) and 
another individual was classified as showing sequential dispersal characterised by
two distinct movements away from the origin with otherwise sedentary movement 
(Figure 3.2(C)). One individual was identified as having a migratory pattern of 
movement defined by a total net displacement approximating zero, indicating a 
return journey to the origin (Figure 3.2(B)).  
The remaining thirteen individuals did not undertake any long distance 
movement, although seven of these individuals were identified as displaying 
nomadic patterns of movement by TSS, characterised by multiple peaks in 
normalised net displacement. As this measure is based on the standard deviation in 
the displacement of the individual, TSS does not take into consideration the spatial 
scale over which individuals are moving. So even though these seven ‘nomadic’ 
individuals showed multiple peaks in normalised net displacement, they remained 
within a 60 km radius of the release site throughout the study. While TSS
successfully detected long distance movements (>100 km) away from the origin,
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this method was not useful for identifying patterns on a smaller local scale (10-
60km).
Furthermore, TSS relies on net displacement from the origin which can lead to 
a second bout of long distance movement perpendicular or tangential to the first 
being under-represented or going entirely undetected. For example, one individual 
(Bird ID#103425) was correctly identified as having continuous ranging 
movement away from the origin, indicative of nomadic behaviour (Table 3.3).
However in another individual (Bird ID #103427, Figure 3.2 (C)) which 
undertook a series of long distance movements perpendicular to its initial 
movement over the course of 125 days (as seen by examining the individual 
trajectory) was only identified by TSS as having made two sequential dispersal 
movements at day 0 and day 125 with no obvious movement in the intermediate 
period. 
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Figure 3.1: Trajectories of all 20 Pacific black duck from December 2009 to September 2011. Each individual trajectory is marked with a 
different colour. Seven individuals undertook long distance movements at various times throughout the study period visiting ephemeral wetlands 
throughout the region. Large lakes shown on the map (Kati Thanda-Lake Eyre, Lake Torrens and Lake Frome) are extensive salt lakes that rarely 
fill and present little or no viable habitat available for Pacific black duck. 
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Figure 3.2: Time Series Segmentation (TSS) analysis of three individuals from the arid zone (A (Bird ID #96585_RED), B (Bird ID #96586) & C
(Bird ID #103427)). Each panel in the first column shows the trajectory of each individual (blue triangle marking the start point, red square 
marking the end point), the middle column shows the net displacement from the origin (km) over time since release and the last column displays 
the normalised deviation of net displacement over time. Red lines indicate the cut-off used to determine if a deviation was significant (0.5). This 
was used as a conservative cut-off based on knowledge of the species ecology and the fact that the landscape consists of distinct patches of habitat 
separated by long stretches of inhospitable terrain. Individual A (Bird ID #96585_RED) demonstrates a simple dispersal movement pattern 
consisting of a single long distance movement away from the origin (day 40). Individual B (Bird ID #96586) represents an example of a 
migratory pattern, showing a long distance movement away from the origin (day 30) and a return later in the study (day 160). Individual C (Bird 
ID #103427) displays a series of sequential dispersal movements away from the origin. The trajectory of individual C shows a large movement 
perpendicular to the first movement detected. This movement phase covered ~300km and lasted 3 months but was not identified by this method of 
analysis.
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3.3.2 First Passage Time - Area Restricted Search
Results from the analysis of first passage time (FPT) showed a pattern of 
searching behaviour at fine scale (<5km radius) and local scale (10-60km radius)
(Table 3.1). Preliminary analysis showed area restricted search (ARS) at fine 
spatial scales (0-5km), which is explained by small scale movements within a 
single water body and these fine scale movements were excluded from further 
analysis. A maximum in the variance in log (FPT) was recorded at spatial scales 
of 10-60km across all 17 individuals for which FPT analysis was possible (see 
Appendix 2). No peaks in variance of FPT were recorded for any bird at a scale 
larger than 100km. Analysis of variance in FPT does not allow for the detection of 
distinct phases of movement within individuals or allow us to pinpoint exactly 
where and when these changes occur.
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Table 3.1: First passage time analysis for all individuals showing the maximum
scale at which area restricted searching (ARS) was detected and the maximum 
First Passage Time (FPT) recorded. Those individuals with NA values either 
showed no ARS behaviour or did not move beyond a 2km radius necessary for 
FPT analysis.
ID Maximum FPT (days)
Maximum Scale of 
ARS (km )
96585 2.5 NA
96586 146 10
96585RED 13.5 11
96585RED_2 NA NA
96586RED 4.9 NA
99020RED 1.1 16
99023RED 83 36.5
99035RED 64.9 NA
103419 139 28
103420 NA NA
103421 13.8 NA
103422 116 9
103423 19 6
103424 11.5 4
103425 293 11
103426 24.6 24.5
103427 102.2 12.5
103428 54 6
103421RED NA NA
103423RED 150 6
Mean 72.9 13.9
SD 78.3 9.9
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Figure 3.3: Variance in log (First Passage Time) for three individuals that showed searching behaviour at spatial scales above 20 km. Maxima in 
the variance of log (FPT) indicate that the individual is concentrating search effort at this spatial scale. Mean variance of log (FPT) for all 20 
individuals is shown in black with standard deviation shown in red.
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3.3.3 Behavioural Change Point Analysis
Behavioural Change Point Analysis (BCPA) identified three distinct phases of 
movement behaviour: sedentary behaviour, exploratory behaviour and long 
distance oriented movement, which were in agreement with patterns suggested 
from individual trajectories. Sedentary behaviour was the most common state of 
behaviour during this study (Table 3.2) with individuals spending on average 62%
(± 21%) of tracking days in sedentary phases. Sedentary phases were characterised 
by low mean persistence velocity and low variability, indicating slow, short 
distance, non-oriented movements (Figure 3.4). 
In comparison, phases of long distance oriented movement were a rare 
occurrence, representing only 126 out the total 2673 tracking days pooled across 
all birds. Of the 20 birds tracked, seven individuals undertook long distance 
movements >100km from the point of origin at some time during the study period 
of 22 months (Figure 3.1).  In these cases BCPA detected a change point based on 
an abrupt increase in persistence velocity (indicating faster, more oriented
movements) and increased variability in their movement patterns (indicating 
variable velocity and distances moved between GPS fixes). There was a large 
amount of variation amongst these seven individuals in regard to the proportion of 
tracking days spent in a phase of long distance oriented flight (mean = 3.76% sd = 
8.21%) with one individual only spending one day engaged in long distance 
movement while another spent 33 days in multiple phases of long distance 
oriented flight throughout the study period.
In 18 out of 20 tagged birds a number of change points were detected indicating 
a shift from a sedentary phase into a phase of movement behaviour distinct from 
long distance oriented movement or sedentary behaviour.  These phases showed 
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many positive and negative peaks in persistence velocity through time but no 
concurrent increase in mean value of persistence velocity of movement (Figure 
3.4) indicating a movement pattern characterised by variable step lengths, velocity 
and turning angle with no obvious persistence in a given direction. Even with the 
sensitivity parameter set at a low value (K=0.5), BCPA identified numerous 
change points within phases of movement which were determined to represent 
exploratory behaviour (Figure 3.4(C)). Exploratory phases were classified as 
having high variability in persistence velocity (many positive and negative peaks 
with no obvious increase in the mean value). However, exploratory movement is 
not a simple homogenous behaviour and as such it is not unexpected to find a 
number of significant changes within a single phase of exploratory behaviour. 
From examination of individual trajectories it was clear that during these phases 
individuals were moving throughout their local area visiting many different 
locations within a 60 km radius (as seen in Chapter 2) and it was assumed that 
these phases corresponded to exploratory behaviour (Figures 3.5 & 3.6). 
Exploratory movement phases represented a large proportion of the overall 
tracking data. Tagged birds spent a mean of 33.89% of tracking days (sd = 1.59%)
in these phases of movement with different individuals entering exploratory 
phases frequently and at different times throughout the study period. With the 
exception of two individuals that never left the release site at the municipal 
sewage works, all other individuals (n=18) displayed a pattern of multiple 
exploratory phases (Table 3.2), intermittently returning to either a sedentary 
pattern, or commencing a brief phase of long distance oriented movement (Figure 
3.4).
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Figure 3.4: Three representative examples of Behavioural Change Point Analysis 
(BCPA) for Pacific black duck. Phases of movement behaviour are labelled as SD 
(Sedentary), EX (exploratory) and LD (long distance oriented movement).  The Y axis 
shows ‘persistence velocity’ or the magnitude and tendency of a movement to persist in a 
given direction. The X axis shows elapsed time in days since release. The blue line shows 
changes in the value of persistence velocity along the time series, LD phases display 
highly positive values of persistence velocity whereas EX phases show a number of 
positive and negative smaller peaks. The black line represents the mean persistence 
velocity, an increase in which corresponds to faster and more oriented movement. Red 
lines indicate variability around the mean. SD phases are characterised by a flattening of 
all three lines. Orange vertical bars represent points where significant changes in 
movement behaviour were detected by BCPA. A) During the period shown this individual
(Bird ID #96585RED) transitioned from a SD phase to an EX phase followed by a LD 
phase between day 39 and day 40 before settling back to a prolonged SD phase. B)
During the period shown this individual (Bird ID #96586) displayed a number of EX 
phases leading up to a brief LD phase between day 28 and day 32. C) During the period 
shown this individual (Bird ID #103425) displayed numerous SD and EX phases and no 
LD phases were identified.
Chapter 3: Identifying ecologically relevant phases of movement in a nomadic waterfowl
87
Table 3.2: Time spent in each of three movement phases for twenty individuals; Sedentary (SD), Exploratory (EX) and Long Distance Oriented 
Flight (LD), identified using BCPA.  Tagged birds spent a mean of 62. % of tracking days in sedentary phases, 34% of tracking days in 
exploratory phases and 4% of days in long distance oriented phases. The proportion of total tracking days spent engaging in exploratory 
behaviour and long distance flight was highly variable across individuals.
Bird ID
Time 
Tracked 
(days)
Changes S 
to EX
Changes 
SD to LD
Changes 
EX to EX
Changes 
EX to LD
SD
(days)
EX 
(days)
LD 
(days) % SD % EX % LD
96585 29 4 0 0 0 16 13 0 55.17 44.83 0.00
96586 287 7 2 0 4 152 119 16 52.96 41.46 5.57
103419 185 5 0 6 0 50 135 0 27.03 72.97 0.00
103420 19 1 0 0 0 4 15 0 21.05 78.95 0.00
103421 40 1 0 2 0 27 13 0 67.50 32.50 0.00
103422 267 4 0 9 0 178 89 0 66.67 33.33 0.00
103423 69 5 0 3 0 46 23 0 66.67 33.33 0.00
103424 151 9 0 5 1 60 89 2 39.74 58.94 1.32
103425 297 7 1 0 2 219 71 7 73.74 23.91 2.36
103426 205 2 2 2 3 119 25 61 58.05 12.20 29.76
103427 149 2 3 0 1 83 33 33 55.70 22.15 22.15
103428 209 6 0 2 0 148 61 0 70.81 29.19 0.00
103421_RED 32 0 0 0 0 32 0 0 100.00 0.00 0.00
103423_RED 207 8 0 6 0 124 83 0 59.90 40.10 0.00
96585_RED 50 4 0 0 2 26 18 6 52.00 36.00 12.00
96585_RED_2 77 0 0 0 0 77 0 0 100.00 0.00 0.00
96586_RED 94 1 0 3 0 82 12 0 87.23 12.77 0.00
99020_RED 90 1 0 0 0 84 6 0 93.33 6.67 0.00
99023_RED 49 6 0 0 1 25 23 1 51.02 46.94 2.04
99035_RED 167 3 0 13 0 81 86 0 48.50 51.50 0.00
Total 2673 76 8 51 14 1633 914 126 61.09 34.19 4.71
Mean 133.65 3.8 0.4 2.55 0.7 81.65 45.7 6.3 62.35 33.89 3.76
sd 90.80 2.76 0.88 3.61 1.17 58.74 41.89 15.15 2.20 1.57 0.57
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Figure 3.5: Sections of three individual trajectories (A=Bird ID #103419, B=Bird ID 
#96586, C= Bird ID #103425) taken from exploratory phases of movement behaviour as 
determined using Behavioural Change Point Analysis (BCPA). GPS fixes taken at night 
are marked in blue; fixes taken during the day are marked in pink. Individuals can be seen 
exploring the local landscape on a 10-60km scale. The vast majority of exploratory 
behaviour takes place at night. The large lake shown is the northern portion of Lake 
Torrens, an extensive, dry salt lake with no viable habitat at the time of the study.
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Table 3.3: Classification of movement behaviour for each individual using Behavioural 
Change Point Analysis (BCPA), First Passage Time (FPT) and Time Series Segmentation 
(TSS).  Those individuals (n = 7 ) with no area restricted search behaviour (ARS) detected 
did not move  further than 2 km from the release site and/or provided insufficient data for 
FPT analysis. 
Bird ID Exploratory 
Movement 
(BCPA)
Long 
Distance 
Oriented 
Movement 
(BCPA)
Maximum 
Scale of ARS 
(km)
TSS 
Classification
96585 Yes No NA Nomadic
96586 Yes Yes 10 Migratory
96585_RED Yes Yes 11 Dispersal
96585_RED_2 No No NA Sedentary
96586RED Yes No NA Nomadic
99023_RED Yes Yes 36.5 Dispersal
99020_RED Yes No 16 Sedentary
99035_RED Yes No NA Sedentary
103419 Yes No 28 Nomadic
103420 Yes No NA Sedentary
103421 Yes No NA Sedentary
103422 Yes No 9 Nomadic
103423 Yes No 6 Nomadic
103424 Yes Yes 4 Dispersal
103425 Yes Yes 11 Nomadic
103426 Yes Yes 24.5 Dispersal
103427 Yes Yes 12.5 Dispersal    
(sequential)
103428 Yes No 6 Nomadic
103421RED No No NA Sedentary
103423RED Yes No 6 Nomadic
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3.4 Discussion
3.4.1 Movement Patterns at Different Spatial Scales
Pacific black duck (like many arid zone waterfowl) are thought to be nomadic 
or partially migratory in parts of their range (Frith 1959; Frith 1963a; Norman 
1971; Marchant & Higgins 1990a) but this assumption is based on limited banding 
and observational data that is available. The findings from this chapter show that 
the movement ecology of Pacific black duck and most likely avian nomads in 
general, is characterised by many transitions between different phases of 
movement behaviour throughout their life and that individual movement decisions 
are highly variable.
The main findings of this chapter are: 1) Pacific black duck shift from phases of 
sedentary behaviour to long distance oriented movement at different times 
throughout the study period and display an intermediate phase of exploratory 
behaviour at local scales (10-60 km), 2) individuals show a high degree of 
individual variation in the time spent in these phases (Tables 1 & 2),  3) the 
landscape scale, long distance movements of Pacific black duck show no evidence 
of area restricted searching behaviour (Figure 3.3 & Appendix 2) and are instead 
characterised by direct and rapid flight toward specific locations as identified by 
BCPA (Figure 3.4, Table 3.3). 
The phases of movement behaviour identified from tracking data using various 
techniques suggest that certain types of movement are scale dependent. At fine 
spatial scales this species displays sedentary movement behaviour and small scale
foraging movements. At the  local scale (10-60km), area restricted searching
behaviour was identified in 18 birds, however at the landscape scale (>100km) no 
evidence of area restricted searching behaviour was found (Table 3.2) and 
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movements at this scale were highly oriented and characterised by direct and 
rapid flight (Figures 3.2 & 3.5)  to freshly flooded wetlands (Figure 1.5) . 
Studies on wide-ranging birds such as albatross and petrels have shown distinct 
movement behaviours occurring at nested scales within a system of resource 
patches, with individuals searching for large resource rich patches of prey and then 
searching within these for dense aggregations of prey (Pinaud & Weimerskirch 
2005; Fauchald & Tveraa 2006). Similar search behaviours have been identified in 
other animals, particular in the marine ecosystems where prey items are patchily 
distributed and governed by fluctuating water temperatures (Papastamatiou et al.
2011; Queiroz et al. 2012). In arid landscapes where the spatial distribution of 
wetland resources is patchy and can change rapidly, Pacific black duck might be 
expected to show a similar pattern of searching behaviour at large scales.  Area 
restricted searching behaviour occurred in 12 of the 20 individuals at spatial scales 
ranging from 4-36.5 km as shown by FPT analysis. Birds which showed no 
evidence of search behaviour at any scale were individuals that did not move 
beyond the release site throughout the study period or did not provide sufficient 
data for this FPT analysis. These results suggest an exploratory behaviour where 
Pacific black duck search for resource patches of good foraging habitat (individual 
ponds) arrayed within a series of larger habitat patches (a recently flooded local 
landscape). However at broad scales (>100 km) no area restricted searching 
behaviour was detected for any bird, including those individuals that had flown 
long distances across the arid landscape (Figures 3.2 & 3.5).  
Early research on nomadism characterised nomadic movement patterns as a 
strategy of continuous searching or ranging behaviour across long distances in 
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highly variable landscapes (Dingle 1997; Chan 2001; Dean 2004). More recently, 
long distance movement in nomadic animals has been shown to be characterised 
by direct movement towards specific resource patches (Roshier, Doerr & Doerr 
2008; Bartlam-Brooks et al. 2013). My results suggest that while Pacific black 
duck undertake exploratory flights on a local scale (10-60km), often directly 
before a long distance flight (Figure 3.4), and that the long distance movement 
itself is highly oriented in nature. These findings support those from Roshier et al 
(2008) which found that nomadic waterfowl adopted individualistic scale-
dependent movement strategies and displayed direct flight over long distances.
3.4.2 Inference of Ecologically Relevant Behaviour from Movement Data
Results from BCPA indicate a distinct phase of exploratory behaviour which, 
with examination of individual trajectories, were found to occur around the 
individual’s local area (10-60km radius). Berbert and Fagan (2012) proposed that 
landscape predictability combines with the degree of dependence on spatial 
memory to determine animal movement strategies. Berbert and Fagan (2012) used 
computational models where an individual is allowed to move within a landscape 
of randomly distributed resource patches following various movement rules to 
show that the selection of migratory, sedentary or nomadic movement strategies 
may be influenced by an interplay between spatial and temporal variability of 
resource in the landscape and a species’ capacity to remember and avoid recently 
visited locations (stored in ‘working memory’) or to remember the locations of 
important waypoints toward a profitable destination over the longer term (stored in 
‘reference memory’).
In this chapter, Pacific black duck were tracked in a landscape that, on a broad 
scale, has low predictability of resources but at the local scale this unpredictability 
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was dampened somewhat by the presence of man-made water bodies. Although 
the overall pattern of movement observed can be said to be sedentary (Table 3.2)
some observed patterns of movement suggest a role for longer term reference 
memory as individuals fly long distances directly to a specific destination (Figure 
3.1) with no evidence of searching behaviour (Figure 3.3, Table 3.3). Berbert and 
Fagan (2012) predict that for a strategy of long distance oriented flight to emerge 
in a landscape with low predictability, a species would need relatively long term 
reference memory. They also suggest that a sedentary movement strategy would 
require short term working memory and is more likely to occur in more 
predictable landscapes. Observed movement patterns in Pacific black duck are in 
agreement with these predictions but I suggest that it is crucial to consider the 
spatial scale over which each strategy is utilised. If viewed on a local scale, Pacific 
black duck appear to be a species in a moderately predictable landscape (modified 
by anthropogenic water sources) adopting a sedentary strategy. On a broader scale 
we observe a more mobile and oriented movement pattern in a highly variable 
landscape, each strategy suggesting a different degree of reliance on spatial 
memory.
The methods used in this chapter identify the movement patterns of Pacific 
black duck but do not directly address the underlying processes or life history 
events that may produce these patterns. The scale of movement involved in this 
study as well as the logistical challenges of accessing the study sites made 
frequent observations or measurements of physiological characteristics untenable. 
Long distance oriented movements observed in many species are thought to be 
driven by the impulse to access resource rich areas and exploit pulses of 
productivity to increase the probability of a successful breeding attempt (Alerstam 
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1990; Greenberg & Marra 2005; Arzel et al. 2009; Newton 2010; Bartlam-Brooks
et al. 2013). While the sewage works where all birds were released represented a 
safe and permanent source of water it is possible that birds undertook long 
distance oriented flights toward freshly flooded wetlands along the Cooper Creek 
to take advantage of extraordinarily high food abundance and breed (Kingsford,
Curtin & Porter 1999a; Roshier, Robertson & Kingsford 2002).
Pacific black duck are a widely distributed species covering a broad spectrum of 
habitats. Their breeding is largely seasonal but is highly variable, particularly in 
arid regions where having a flexible breeding season which can shift in response 
to pulses of resource availability is a successful strategy (Frith 1967). With the 
irregular breeding season in the arid zone, moulting also does not occur in a 
rigidly defined season. While a large proportion of birds will moult and breed 
from July to October individuals can be found in full moult at almost any time of 
the year. All birds in this study displayed prolonged periods of sedentary 
behaviour. The timing of these bouts of sedentary behaviour was highly 
individualistic and while some of these phases may have coincided with a full 
moult many sedentary phases lasted longer than a typical moult and occurred at 
different times throughout the year. It was not possible to infer the individual 
motivation behind bouts of sedentary behaviour purely from telemetry data. 
In a recent review of spatial memory in animal movement, Fagan et al (2013)
suggest that it is not strictly necessary to invoke the use of complex cognitive 
maps in long distance navigation within landscapes where certain features can 
stand out as a navigation beacon for animals. For example, isolated water bodies 
in an arid landscape may be easily located in flight and used as stepping stones for 
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nomadic birds moving towards flooded areas. My results support those from 
earlier studies on nomadic waterfowl in Australian arid landscapes showing that 
individuals in arid ecosystems make less tortuous movements where water bodies 
are more dispersed (Roshier, Doerr & Doerr 2008) and  display behaviourally 
complex responses, such as prospecting flights, to both local food depletion and 
potentially to distant cues such as olfactory or audible signals (Roshier, Klomp & 
Asmus 2006).
3.4.3 Exploratory Behaviour
The observed exploratory movement phases in this species is likely to be 
influenced by a suite of interacting processes such as the search for food or 
suitable breeding habitat, competition for space with conspecifics or the internal 
physiology of the individual. This pattern of movement could be explained to 
some degree by foraging behaviour. It is has long been known that many 
waterfowl species display habitat switching behaviour between roosts and habitual 
feeding grounds (Guillemain, Fritz & Duncan 2002b; Nolet et al. 2002; Davis & 
Afton 2010).  However in this study individuals were found to continuously move 
between many different patches. Ephemeral habitat patches large enough for 
ducks to exploit can appear and disappear very rapidly in an arid environment 
(Roshier et al. 2001b). The detection of multiple exploratory phases in the 
trajectories of  individual birds (Figure 3.4) and the pattern of visiting multiple 
sites throughout the night during these phases (Figure 3.5) suggests that birds may 
be sampling their local environment in progressively wider ranging exploratory 
movements to inform their decision to leave the area or remain sedentary. The 
prevailing model of bird migration in seasonal environments centres on a switch 
from sedentary behaviour to oriented flight with only a short intervening phase of 
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nocturnal restlessness (Berthold 2000; Newton 2010). While this restlessness has 
rarely been observed in the wild it has been found to manifest itself in the form of 
exploratory flight outside of the migratory period  in  a seasonal migrant and has 
been linked to the development of a stellar compass (Mukhin, Kosarev & Ktitorov 
2005). In this study we detected a phase of exploratory behaviour in 18 out of 20 
tagged individuals, seven of which proceeded to undertake long distance oriented
flights. In all seven of these individuals long distance oriented flight was preceded 
by exploratory phases of behaviour, suggesting a role for exploratory behaviour in 
the preparation for long distance flight. Just as seasonal migrants may utilise 
exploratory fight to gather information on their surroundings to better prepare 
them for the coming long distance journey, nomadic birds may explore their local 
landscape in order to gather information on habitat quality and food abundance in 
this non-seasonal environment. 
If food resources were limited or competition for foraging habitat within 
productive water bodies was high it is possible that this movement pattern was 
driven purely by a simple search for food, with individuals being driven to seek 
out new feeding areas as the food available to them becomes depleted. However 
this study period represented a ‘boom’ period in both habitat availability and local 
food abundance within aquatic habitats. The identification of exploratory 
movement phases in Pacific black duck is in agreement with the work of Bennetts 
and Kitchens (2000), and observed in other waterfowl Oppel et al. (2009), that
suggested animals undertake exploratory movements during periods of high food 
abundance as a way of identifying likely refuges and minimising the risk of 
unprofitable searching in the future. Animals  have been found to undertake 
exploratory movements more often when satiated than when hungry (Chapman & 
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Levy 1957) which suggests this  movement is concerned with monitoring of 
resources in the environment for future  needs rather than immediate foraging. If 
animals employ exploratory behaviour in order to familiarise themselves with 
potential high quality habitat, as suggested by Bell (1991) and shown in nomadic 
Snail Kites (Rostrhamus sociabilis) by Bennetts  and Kitchens (2000), it might be 
expected that spatial memory  plays a role  in their ability to make successful 
movement decisions in stochastic environments. 
3.5 Conclusion
Movement patterns of birds in arid ecosystems differ markedly from those in 
temperate ecosystems, with nomadic movement strategies being more common 
than migratory strategies (Miller 1963; Andersson 1980; Woinarski 2006).
Findings from this chapter show that Pacific black duck transition between phases 
of movement behaviour including sedentary behaviour, long distance oriented
flight and repeated phases of exploratory behaviour.  By using a combination of 
techniques to identify phases of behaviour in a wide ranging nomadic waterfowl 
species my analyses have shown that Pacific black duck cannot be easily classified 
as a sedentary, nomadic or migratory species as they display a mixture of all three 
movement patterns through time.  These findings suggest that observed patterns of 
movement in this species are driven by a suite of interacting behaviours and 
movement decisions which occur at different spatial scales. Observed patterns of 
exploratory behaviour may play a key role in allowing Pacific black duck to adjust 
their movement behaviour to cope with changing resource distributions. The 
specific information used by individuals when making choices between these 
movement behaviours are the subject of the following chapter. 
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4.1 Introduction
In the previous chapter, phases of movement behaviour were identified in Pacific 
black duck with individuals displaying sedentary behaviour, exploratory or long 
distance oriented movement at different times throughout the study period. In an 
environment where the spatial distribution of aquatic habitat is unpredictable and 
ephemeral, how do individual birds determine when to change behaviour, in order 
to locate distant resource rich patches of habitat? Determining the cues that Pacific 
black duck may use to make these decisions was the main objective of this 
chapter. The set of potential cues tested included daily fluctuations in 
meteorological variables, cumulative rainfall in their local area and remotely 
sensed landscape conditions such as vegetation density. 
The study of animal movement behaviour has advanced rapidly in recent years 
(Hebblewhite & Haydon 2010). Animals from different taxa have been found to 
display flexibility of responses to variability in environmental conditions and 
distribution of resources (Pigliucci 1996). Examples include, ungulates 
(Owensmith 1994) and waterfowl (Roshier, Doerr & Doerr 2008). Individual 
behavioural flexibility has yet to be fully integrated into models of animal 
movement (Holyoak et al. 2008) but a number of recent studies have begun to 
apply mechanistic individual based models to questions in movement ecology 
(Duriez et al. 2009; Bauer & Klaassen 2013; Cohen, Pearson & Moore 2014).
Much of our understanding of flexibility in movement behaviour in birds comes 
from migratory species in northern hemisphere temperate ecosystems (e.g. 
Alerstam 1990; Greenberg & Marra 2005; Bairlein 2008; Newton 2010).
Evidence is emerging that individual response to short term fluctuations in 
environmental conditions can greatly influence observed patterns of movement at 
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the community or population level (Mueller et al. 2011). In the case of migratory 
birds, this includes flexibility in migration routes or schedules, as seen in raptors 
(Gschweng et al. 2008; Klaassen et al. 2008; Klaassen et al. 2011; Vardanis et al.
2011) or in timing of departure from staging areas as seen in passerines (Sapir et 
al. 2011) and shorebirds (Grönroos, Green & Alerstam 2012).
Lima and Zollner (1996) proposed a fusion of  behavioural ecological and 
landscape ecological approaches to analysing animal movement, whereby 
movement behaviour and ecology should be considered in relation to landscape 
level phenomena.  To date few empirical studies have attempted to address 
movement behaviour in terms of ‘behavioural landscapes’ (Roshier, Doerr & 
Doerr 2008; Valeix et al. 2010). Nonetheless, two more recent studies provide 
conceptual frameworks with which to examine the interplay between individual 
decision making, landscape processes, and patterns of resource distribution. 
Nathan et al. (2008) proposed a framework in which movement behaviour can be 
considered in relation to the interaction of internal states and external (i.e. 
environmental) factors acting at multiple spatial and temporal scales to produce  
observed patterns of movement. Mueller and Fagan (2008) also set out to integrate 
individual level movement behaviours with population dynamics and resource 
distributions at various spatial scales.
A number of studies have shown that migratory birds adjust the day of departure 
from staging sites (Pyle et al. 1993; Danhardt & Lindstrom 2001; Shamoun-
Baranes et al. 2006; Bauer, Gienapp & Madsen 2008; Mandel et al. 2008; Duriez
et al. 2009) in response to daily weather conditions. However, the meteorological 
or other cues in the environment that may be utilised by nomadic species to 
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determine when best to move to distance resource rich site, remains an enduring 
mystery. There have been few studies on  nomadic movement and the cues 
employed by birds in non-seasonal and less predictable environments, such as the 
arid regions of the southern hemisphere (Dean 2004; Roshier, Klomp & Asmus 
2006; Roshier, Doerr & Doerr 2008; Traill, Bradshaw & Brook 2010).
In this chapter I sought to determine the relative importance of environmental 
factors in predicting changes in movement behaviour. Specifically, the initiation 
of exploratory behaviour and rare long distance oriented movement in a species of 
waterfowl with variable movement behaviour (see Chapter 3). Oriented movement 
is used in this study, as in others (e.g. Brooks & Harris 2008; Papastamatiou et al.
2011), to describe a rapid movement with a non-random orientation, between 
successive GPS fixes, the individual apparently moving toward a known 
destination (Nams 2006). The specific phases of behaviour used for the analysis in 
this chapter are derived from Behavioural Change Point Analysis (BCPA) used in 
Chapter 3. 
Short term changes in weather conditions at the local scale are considered likely 
to influence transitions between phases of movement, based on previous work on 
nomadic waterfowl (Roshier, Asmus & Klaassen 2008) and migratory birds in 
seasonal environments (Shamoun-Baranes et al. 2006; Kemp et al. 2013). It has 
long been known that birds can detect changes in atmospheric pressure, at least in 
the laboratory (Lehner & Dennis 1971; Kreithen & Keeton 1974). Studies have 
suggested that short term fluctuations in local weather conditions may be more 
useful than long term climatic variation in predicting species distribution in 
terrestrial mammals (Bateman, VanDerWal & Johnson 2012) and tropical 
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savannah birds (Reside et al. 2010). Meteorological variables have also been 
shown to influence fine scale movement decisions in ungulates (Rivrud, Loe & 
Mysterud 2010), primates (Ren et al. 2009) and migratory passerines (Danhardt & 
Lindstrom 2001; Walls, Kenward & Holloway 2005; Shamoun-Baranes et al.
2006; Mandel et al. 2011; Sapir et al. 2011). Weather conditions have been shown 
not only to influence departure decisions, but also the movement behaviour of 
migratory birds in transit. Klassen et al (2011) showed that migratory raptors 
modulate their response to wind speed and direction along their migration route 
and Kemp et al (2013) showed that migratory swans adjust their flight altitude in 
response to both air temperature and wind conditions along their migratory route. 
The arid landscape of central Australia supports ecosystems where resource 
availability is driven by unpredictable, infrequent rainfall and flooding events 
(Bunn et al. 2006; Leigh et al. 2010). Animals in these ecosystems must respond 
to fluctuations in environmental conditions driven by long term cycles of ‘boom 
and bust’ (Kingsford & Norman 2002; Roshier, Asmus & Klaassen 2008; Read et 
al. 2011).  By studying species in environments with highly variable resource 
distributions researchers can elucidate the mechanisms by which animals are able 
to respond to rapidly changing resource distributions and to increased frequency of 
extreme weather events; conditions predicted under climate change scenarios 
(IPCC 2013).
In nomadic species, long distance movements are non-seasonal and can be rare 
occurrences, producing heavily unbalanced data and making analysis of potential 
predictors of movement a challenging prospect. Machine learning methods have 
found wide application in the analysis of rare events particularly in the field of 
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remote sensing of environmental change at the landscape scale (Kubat, Holte & 
Matwin 1998; Bricher et al. 2013). Machine learning has also been successfully 
applied to the movement behaviour of marine mammals (Thums, Bradshaw & 
Hindell 2008; Henderson et al. 2012) and waterfowl in the northern hemisphere 
(Oppel, Powell & Dickson 2009).  In this chapter I apply random forest methods 
to identify potential predictors of abrupt behavioural changes in a nomadic species 
of waterfowl living in a stochastic arid environment. 
The main hypothesis tested in this chapter was that transitions between phases of 
sedentary, exploratory and long distance oriented movement can be predicted by 
changes in local daily meteorological conditions in combination with cumulative 
local rainfall and habitat creation at a regional scale (e.g., widespread flooding).
4.2 Methods
4.2.1 Study Site
During the period of this study, December 2009 to September 2011, the interior 
of Australia experienced two of the wettest years since the mid 1970s (2010 and 
2011) with numerous large rainfall and flooding events throughout the region 
(Australian Government Bureau of Meterology 2012). In the region of the release
site centred on Roxby Downs, South Australia (30.55°S, 136.87°E) there was an 
abundance of aquatic habitat during this period from local run-off onto clay pans 
and into temporary lakes and water storages.  Sporadic rainfall caused localised 
flooding over the course of the study and two major rainfall events caused regional 
flooding in northeast South Australia (see Figure 1.5, Chapter 3). On 9th April 
2010 the study area received 86mm of rainfall, more than half the annual average 
(151mm) in a single day. The most extreme event was caused by the extension of 
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Cyclone Yasi over Central Australia on 6th February 2011 when 96mm of rain fell 
over three days. 
The municipal sewage works was a focal point for waterfowl activity and is one 
of a small number of permanent man-made water bodies used by waterfowl in the 
area. All birds were captured in the vicinity of the sewage works in Roxby Downs. 
The Arcoona lake system which extends 85km to the south of Roxby Downs is the 
only significant wetland system in the region for waterbirds (Read & Ebdon 1998; 
Pedler & Kovac 2013). This system is composed of 10 large ephemeral lakes, 
which remained full for the duration of this study, and numerous swamps fed by 
runoff and direct rainfall.  
The Cooper Creek system which flows more than 900km to empty into Kati 
Thanda-Lake Eyre, has a highly variable flooding regime (Puckridge, Walker & 
Costelloe 2000), driven by major rainfall throughout the Kati Thanda-Lake Eyre 
basin. When flooded, this creek system creates abundant aquatic habitat all along 
its course but particularly in the region around Innamincka (600km to the North 
West of our study site) which provides rich feeding and breeding habitat for a 
diverse range of waterbirds (Kingsford & Porter 1993; Roshier et al. 2001b).
4.2.2 Tracking Pacific Black Buck Using GPS
In contrast to other nomadic waterfowl species in Australia, such as the 
monotypic freckled duck (Stictonetta naevosa), the Pacific black duck is a 
representative of a globally distributed genus (Marchant & Higgins 1990b), and is
closely related to species which, in different environments display migratory, 
partially migratory or sedentary behaviour (e.g.; Anas platyrhynchos) (Van Toor et 
al. 2013). Pacific black duck were trapped and tagged with GPS transmitters as 
Chapter 4 - Predicting long distance movements of a nomadic duck, Anas 
superciliosa
105
per methods detailed in previous chapters. Twenty birds were caught, tagged and 
released at Roxby Downs during the period from December 2009 to September 
2011, and the data presented in this chapter cover this period.
4.2.3 Behavioural Change Point Analysis
Behavioural Change Point Analysis (BCPA) following Gurarie et al (2009) was 
used to detect phase changes in the movement behaviour of individual birds.  See 
Chapter 3 for detailed description of this method.
4.2.4 Weather and Remotely Sensed Landscape Data
The literature on nomadic waterfowl in Australia suggests that rainfall may be 
the most important driver of long distance movement (Frith 1967). To test this, I
included rainfall at different temporal scales as predictor variables ranging from 
weeks to months (e.g., cumulative local rainfall over the preceding 1 or 3 weeks or 
monthly rainfall). Later research (Roshier, Robertson & Kingsford 2002; Roshier, 
Asmus & Klaassen 2008) suggested that nomadic waterfowl may also modify 
their movement behaviour in response to landscape level changes in the quality 
and availability of wetland habitat. Pacific black duck have a preference for 
shallow, well vegetated wetlands of low salinity (Frith 1963a; Marchant & 
Higgins 1990a).To account for this, I included changes in vegetation cover in the 
landscape, as predictors. Based on previous work on nomadic waterfowl 
(Simmons, Barnard & Jamieson 1999) , migratory passerines (Sapir et al. 2011)
and laboratory studies on related species (Anas platyrhynchos) (Lehner & Dennis 
1971), it was possible that Pacific black duck  would also  respond to abrupt 
changes in a local meteorological conditions. The National Centres for 
Environmental Prediction (NCEP) Reanalysis II data set (Kalnay et al. 1996; 
Kanamitsu et al. 2002) was used to gather values for minimum daily atmospheric 
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pressure and maximum daily surface humidity at each GPS location using the 
package ‘RNCEP’ (Kemp et al. 2011) in  the R programming environment (R 
Core Development Team 2008). These variables are available at a spatial scale of 
2.50 and a temporal scale of 6 hours, however given that other weather data were 
only available on a daily basis, daily minima and maxima were used in the 
analysis. 
Measurements of surface conditions including air temperature, rainfall, solar 
exposure (as a proxy for cloud cover), were gathered from daily weather data 
supplied by the Bureau of Meteorology Australia (BOM). Cumulative total rainfall 
was also gathered on a weekly and monthly scale from the same database. 
Measurements of Normalised Difference Vegetation Index (NDVI) were also 
gathered from the BOM database as a proxy for habitat availability and 
productivity. The surface of small to medium sized water bodies (i.e. diameter ~1 
km) in this region are often covered with emergent vegetation and NDVI is a 
coarse proxy of wetland availability because wetland extent can change by orders 
of magnitude over relatively short periods (weeks) (Roshier et al. 2001) and the 
spectral signature changes equally rapidly (Roshier and Rumbachs 2004). These 
data were supplied in the form of spatial layers of a finer spatial scale (0.50) than 
those obtained from the NCEP database. 
4.2.5 Random Forest Analysis
Using data from all 20 individuals, transitions from a sedentary phase to an 
exploratory phase were treated as a binary response variable. Meteorological
variables (Table 4.1) were only available on a daily basis; therefore the 
behavioural response was also aggregated to a daily temporal scale. A day where 
no change in behaviour occurred was assigned a value of ‘0’ and a day where a 
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phase of exploratory behaviour was initiated was assigned a value of ‘1’ (76 out of 
1991). Days on which an individual was already in an exploratory phase were 
excluded from the analysis.  A separate analysis was conducted to investigate the 
initiation of long distance oriented movement. Any day where no change in 
behaviour occurred was assigned a value of ‘0’ and any day where a phase of long
distance oriented movement was initiated was assigned a value of ‘1’ (23 out of 
2648). Days on which an individual was already in a phase of long distance 
oriented movement were excluded from the analysis.  
As long distance movements of  Pacific black duck in this arid environment were 
comparatively rare (see Chapter 3) the binary predictor produced was heavily 
unbalanced with the “0’ class (no change in behaviour) outweighing the “1” class 
by a factor of 197:1. In order to cope with this unbalanced data set I adopted 
machine learning methods of classification. In standard classification methods,
modelling of the response to various predictors is achieved by binary splitting of 
the data set into regions that are increasingly homogeneous with respect to the 
response variable (Breiman et al. 1984; Elith, Leathwick & Hastie 2008) Random 
forest analysis fits many classification trees to the data and provides estimates of 
variable importance and classification error rate averaged across many random 
trees (Cutler et al. 2007).
One major strength of machine learning methods such as classification trees (and 
by extension random forests) is that they do not suffer from pseudo replication in 
the same way as standard statistical methods as it is not necessary to assume that 
each data point is independent (Breiman et al. 1984; Cutler et al. 2007; Boulesteix
et al. 2012).  By carrying out repeated random sub sampling of the data and the 
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inclusion of ID as a predictor this analysis can handle large datasets with repeated 
measures form a small number of individuals.
A subsample of the data set (75% of observations) was used to train the model 
and the predictions are then validated against the remaining data. The random 
forest used for this analysis was produced using 2000 permutations of single 
classification trees. The overall accuracy of the predictions produced by the model 
is given by measuring the area under the Receiver Operational Characteristic 
(ROC) curve; a plot of the rate of false positives against true positives (Mason & 
Graham 2002). Variable importance is measured by the mean decrease in accuracy 
of the model if that variable is removed over several permutations.  Variables were 
progressively removed from the set of predictors available to the random forest 
model if their removal had no effect on the overall accuracy in predicting the 
response
Given the rarity of the response under investigation, the standard methods of 
assessing model performance (the area under the curve of an ROC curve) can be 
misleading as a model which simply classifies every point as the majority class 
(no change in behaviour) will have a high performance but will entirely fail to 
predict the rare event of interest. For this reason, models shown here were 
developed to minimise the error in predicting a positive response. To achieve this, 
I adopted a method of “down sampling” (Drummond & Holte 2003; Boulesteix et 
al. 2012; Bekkar, Alitouche & Akrouf 2013) whereby a randomly selected 
subsample of the majority class (no change in behaviour) was analysed in each 
classification tree, bringing it into balance with the minority class (change in 
behaviour). In the creation of each classification tree in the RF model a random 
subset of predictor variables (4 predictors) was used at each split in the tree, 
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further reducing the ratio between predictors and observations. The same 
approach was used in the creation of training and validation data sets, insuring that 
the validation set included a similar ratio of minority to majority class as in the 
training data. Random forest modelling was carried out using the software 
package “randomForest” (Liaw & Wiener 2002) in the R programming 
environment.
4.3 Results
Annotation of weather and environmental data to the GPS data derived from 
tracking (Figure 3.1) allowed the visualisation of conditions experienced by 
individual birds at each stage of their trajectory (Figure 4.2). There was co-
linearity between the predictor variables in the model (see Appendix 3) but 
random forest methods are designed to cope with correlated predictor variables 
(Cutler et al. 2007) and as such the co-linearity was considered to be acceptable.  
This data was then combined with results of BCPA analysis in a series of random 
forest models.
Firstly, a random forest model was used to determine the most important 
predictors of the initiation of exploratory movement phases (76 observations out 
of 2763). A model which included daily maximum temperature and humidity as 
well as minimum daily atmospheric pressure, and cumulative rainfall over the past 
month (Table 4.2) correctly classified 69% of cases. Individual bird ID was the 
highest ranked predictor of the initiation of exploratory behaviour. Daily 
maximum temperature was the next ranked predictor of initiation of exploratory 
phases (Figure 4.3) with an increasing  probability of exploratory behaviour at 
temperatures above 20oC and a sharp drop off as temperatures rise above 40oC
(Figure 4.4). The third ranked predictor was daily minimum atmospheric pressure 
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(Figure 4.3). At low pressure (<990 hPa), the influence of this variable was very 
low. The influence of minimum daily atmospheric pressure on the probability of 
initiation of exploratory phases increased at higher pressure levels (Figure 4.4).
Cumulative local rainfall over the past week was the fourth ranked predictor 
(Figure 4.3) and showed a sharp increase in influence above 5mm of rainfall after 
which the influence of this variable remains constant across a range of rainfall 
values (Figure 4.4).  
In Chapter 3, it was found that long distance movements were often preceded by 
phases of exploratory behaviour (seen in all 7 birds which undertook long distance 
movements). A random forest model using minimum daily atmospheric pressure, 
minimum daily temperature and humidity and local rainfall in the past three weeks 
achieved 72% accuracy in classifying the rare initiation of long distance oriented 
movement (14 out of 2763 observations), (Table 4.2). While the predictor 
variables are similar in both models, their ranking in terms of their influence on 
the response is different (Figure 4.3).  The variable of greatest importance in this 
model was individual bird ID (Figure 4.3(B)), indicating that individual flexibility 
plays a major role in the initiation of long distance oriented movement. Daily 
minimum temperature was ranked second in order of influence on the initiation of 
long distance oriented flight.  Another predictor identified as having a relatively 
minor influence on the response was cumulative rainfall in the past three weeks 
ranked third. Partial dependence plots for these predictor variables (Figure 4.5)
show that the probability of initiation of a phase of long distance movement 
increases as minimum daily temperature increase with the greatest influence 
occurring at higher temperatures. Probability of initiation of long distance 
movement is also influenced by cumulative rainfall, with a rise in probability of 
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initiation when rainfall is at low to medium levels (5-10mm) and falling off 
rapidly as the amount of cumulative rainfall increases. The influence of the 
remaining predictor variables is much smaller in comparison to that of individual 
bird ID, which is not unexpected given the overall rarity of these long distance 
oriented phases in the original data set.
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Figure 4.1: Trajectories of two individuals during an oriented phase of movement. A) For this individual (#96585_RED) this phase of movement 
lasted nine days (21/01/2011 – 30/01/2011). All long distance (>100km) steps of this journey took place at night. During the day this individual 
stopped at various ephemeral water bodies until finally settling on a recently flooded section of the Frome Creek, north of the release site and 
close to Kati Thanda-Lake Eyre on a pastoral property to the North, Muloorina Station.  Data for atmospheric pressure have been annotated to the 
GPS locations. The phase of long distance oriented movement was initiated during a period of low atmospheric pressure. B) This individual
(#103427) immediately undertook a long distance movement upon release, moving towards a recently flooded lake to the north east (Lake
Gregory). This individual then shifted repeatedly between sedentary and exploratory phases around the region of this lake before again 
undertaking a long distance movement towards Cooper Creek on 12/04/2011. With one exception all long distance steps of this journey took 
place at night. Values for local monthly rainfall have been annotated to the GPS locations. While the eventual destination at Cooper Creek had 
received low monthly rainfall, it was recently inundated (17 days previously) by floodwaters moving through the Cooper Creek system. In this 
area of Australia 10 is approximately equal to a distance of 100km.
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Table 4.1: Predictor variables used in random forest models showing the spatial scales at 
which each variable was analysed.
Predictor Variable Abbreviation Spatial Resolution
Maximum Daily Relative Humidity (%) Humidity 0.30 (~ 33km)
Minimum Daily Atmospheric Pressure (Pa) MinPress 0.30 (~ 33km)
Maximum Daily Solar Exposure (MJ/m2) SolarEx 0.050 (~ 5km)
Maximum Daily Temperature (oC) Tmax 0.050 (~ 5km)
Minimum Daily Temperature (oC) Tmin 0.050 (~ 5km)
Local Rainfall in Past 7 days (mm) Rain_Week 0.050 (~ 5km)
Local Rainfall in Past 3 Weeks (mm) Rain_3Wks 0.050 (~ 5km)
Local Monthly Rainfall (mm) Rain_Month 0.050 (~ 5km)
NDVI Monthly (index 0-1) NDVI 0.050 (~ 5km)
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Table 4.2: Accuracy rates for random forest models using initiation of phases of 
exploratory behaviour (EX) or initiation of long distance oriented flight (LD) as a 
response and weather/environmental variables as predictors. The ROC (Receiver 
Operating Characteristic) curve is a means of measuring the performance of a binary 
classifier by plotting true positives against false positives, giving an indication of the 
sensitivity of the model. For explanation of abbreviations see Table 1 above.
Response
Variables 
included in 
the model
Area 
under 
ROC 
curve –
training
Area 
under 
ROC 
curve –
validation
%
Classificatio
n Accuracy 
- training
%
Classificatio
n Accuracy -
validation
Initiation of 
exploratory 
flight
Bird ID
Tmax 
MinPress  
Humidity      
Rain_3Wks  
Rain_Mont
h
0.98 0.97 74 69
Initiation of  
long 
distance 
oriented 
flight
Bird ID 
Tmin 
MinPress  
Humidity      
Rain_3Wks  
Rain_Week
0.92 0.78 71 72
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Figure 4.2: Relative variable importance in the in the prediction of the initiation of , A)
exploratory behaviour and, B) long distance oriented flight in Pacific black duck. 
Variables are shown in order of their increasing relevance to increasing the accuracy of 
predicting a change in behaviour. Variables are scaled from 1 to 0 in relation to the most 
important variable for ease of interpretation.
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Figure 4.3: Partial dependence plots for three important variables for predicting initiation 
of an exploratory phase. A) Partial dependence on daily maximum temperature. B) Partial 
dependence on minimum daily atmospheric pressure. C) Partial dependence on total 
weekly rainfall at a bird’s location and. Partial dependence is the dependence of the 
probability of change on one predictor variable after averaging out the effects of the other 
predictor variables in the model. The Y-axis is half the logit-probability of an individual 
transitioning to a phase of exploratory behaviour (see Cutler et al (2007) for detailed 
explanation).
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Figure 4.4: Partial dependence plots for two important variables for predicting a 
transition to long distance oriented phase. A) Partial dependence of the response on 
minimum daily temperature. B) Partial dependence of the response on cumulative rainfall 
over the past three weeks. Partial dependence is the dependence of the probability of 
change on one predictor variable after averaging out the effects of the other predictor 
variables in the model. The Y-axis is half the logit-probability of an individual 
transitioning to a phase of long distance oriented flight (see Cutler et al (2007) for detailed 
explanation).
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4.4 Discussion
In this chapter, I have identified important correlates, and therefore predictors, of 
the transition between the three phases of movement (sedentary, exploratory and 
long distance oriented movement) identified in Chapter 3. The most important 
variables predicting a transition from a sedentary phase into an exploratory phase 
were maximum daily temperature and local cumulative rainfall (Figure 4.3(A)). 
The initiation of long distance oriented flight in this species was shown to be 
highly individualistic while fluctuations in local meteorological conditions have 
some influence (Figure 4.3(B)).
The movement behaviour of nomadic species has previously been characterised 
as a direct response to fluctuating resource distributions with individuals  
‘ranging’ through a landscape until a suitable habitat patch is encountered  (Dingle 
1997). In recent years a more complex picture of nomadic movement has emerged 
as nomadic species from a range of taxa have been found to undertake highly 
oriented movements across long distances  to specific locations, apparently in 
response to cues such as vegetation growth (Brooks & Harris 2008) or regional 
rainfall (Roshier, Asmus & Klaassen 2008) and also internal factors such as moult 
schedule (Cumming, Gaidet & Ndlovu 2012) . However, the specific cues utilised 
by nomadic species in non-seasonal environments to initiate long distant 
movements have remained unclear.  
The Pacific black duck is closely related to migratory species from temperate 
biomes such as the mallard (Anas platyrhynchos) (McCarthy 2006; Guay & 
Tracey 2009) which displays migratory or partial migratory behaviour (Van Toor
et al. 2013). Many studies in seasonally predictable environments in the northern 
hemisphere temperate biomes have related departure dates of migratory birds to 
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changes in variables such as day length and temperature (Bauer, Gienapp & 
Madsen 2008), wind conditions (Danhardt & Lindstrom 2001; Sapir et al. 2011)
and food availability (Duriez et al. 2009). The above studies show departure 
decisions being influenced by meteorological conditions and local habitat quality 
but only in a limited timeframe, within which all individuals are expected to 
depart.  Research in to the departure decisions of nomadic individuals presents 
additional challenges to those in seasonally predictable environments, because the 
day of departure from a given region is not driven by seasonal factors, and there is 
no set timeframe within which all individuals will eventually depart from a given 
site.
The results of random forest analysis (Figure 4.3 (A)) suggest that the initiation 
of exploratory behaviour is influenced by fluctuations in maximum temperature, 
atmospheric pressure and cumulative rainfall. The initiation of long distance 
oriented movement was highly individualistic and also influenced by local 
meteorological conditions, specifically air temperature and rainfall (Figure 4.3 
(B)), as found in various migratory shorebirds (Grönroos, Green & Alerstam 
2012) and European bee-eaters (Merops apiaster),  (Sapir et al. 2011). My 
findings make a case for further investigation of these specific meteorological 
variables which were identified as important in predicting movement behaviour of 
this species. However, further investigation will need to overcome the fact that 
their influence is overshadowed by the individualistic nature of movement 
decisions and the rarity of long distance movement events.  
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4.4.1 Exploratory Movement Phases
There may be a number of motivations for engaging exploratory movement, for 
example foraging, searching for mates, sampling the landscape (prospecting) or 
escaping predators. Exploratory movement was undertaken frequently by 18 out of 
20 birds tracked (Chapter 3), occurred on a local scale and was more common than 
long distance oriented flight. As such, exploratory movement was assumed to be 
less physiologically costly that long distance flight across a hostile landscape 
(Weber 2009; Williams 2012).   The random forest model achieved a classification 
accuracy of 69% when tested against the validation data set (Table 4.2), which 
compares favourably with similar studies using machine learning to classify 
vocalisations in marine mammals (Henderson et al. 2012; Rankin, Archer & 
Barlow 2013) and the detection of rare events (oil spills)  in remotely sensed data  
(e.g., Kubat, Holte & Matwin 1998).
In the model, the highest ranking predictor of initiation of exploratory behaviour 
was individual bird ID. As with long distance behaviour this indicates highly 
individualised movement behaviour with different birds choosing to explore their 
environment at different times. It should be noted that not all birds were in the 
same location at the same time, and hence experienced different environmental 
conditions. 
The highest ranking meteorological predictors of initiation of exploratory phases 
were maximum daily temperature, atmospheric pressure and cumulative weekly 
rainfall (Figure 4.3). The partial dependence plots (Figure 4.4) indicate that birds 
are more likely to explore when low pressure systems pass through the area 
bringing rain small amounts of rain (> 5mm). This perhaps reflects the fact that 
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Pacific black duck are able to utilise small patches of ephemeral aquatic habitat 
and so may have a lower threshold in regards to the level of rainfall that would 
create habitat worth expending energy to investigate, than larger species such as 
black swans (Cygnus atratus). The influence of atmospheric pressure and ambient 
temperature on the response is lowest under conditions of high pressure 
(>1012hPa) and high temperature (>40oC), associated with dry conditions and low 
wind speeds. This may be a reflection the constraint of maintaining water balance 
while undertaking flights in arid landscapes (Klaassen 1996). Taken together, 
these findings suggest that waterfowl in arid landscapes can take advantage of 
even small pulses in rainfall to explore their local habitat while conditions are 
good, and are less likely to invest in exploratory behaviour during drought 
conditions.  Bennetts and Kitchens (2000) observed similar behaviour in snail 
kites (Rostrhamus sociabilis) and suggested that nomadic  birds may explore more 
in times of resource abundance to familiarise themselves with high quality habitat 
patches, decreasing the need for fruitless searching  in the future .
My findings support those of  Oppel et al (2009) who demonstrated how 
environmental conditions influence the  movement decisions of king eiders 
(Somateria spectabilis, L.) and highlighted the importance of exploratory 
behaviour in gathering information to inform future movement decisions. 
4.4.2 Long Distance Movement Phases
The random forest model was able to correctly identify transitions to long 
distance oriented movement in 72% of cases when tested on data set withheld for 
validation which is comparable to a similar study on the movement decisions of 
wintering sea ducks in the arctic (Oppel, Powell & Dickson 2009).  Even with 
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these methods the small number of individuals that undertook long distance 
oriented flight (7 out of 20) lead to individual being ranked as the strongest 
predictor (Figure 4.3(B)). Beyond the strong influence of individual variation, the 
transition to long distance oriented movement is correlated with daily minimum 
temperature at a bird’s location. As daily minimum temperature rises above 10oC
the probability of a transition occurring (Figure 4.5(A)) steadily increases. Given 
that long distance flight occurs almost exclusively at night, (Chapter 2), this result 
suggests that birds are reluctant to undertake long distance flights on colder nights.  
The influence of total rainfall over the previous three weeks at a bird’s location 
(Figure 4.5(B)) shows that departure is most likely with relatively low levels of 
cumulative rainfall in the previous three weeks (and hence less aquatic habitat 
available in this arid environment). Once cumulative rainfall rises above 5-10 mm 
the influence of this variable drops to low levels (Figure 4.5(B)). This pattern of 
influence may indicate the boundaries within which Pacific black duck will 
undertake movement away from a given area. If the landscape is dry with 
cumulative rainfall close to 0mm, they choose to remain on small permanent water 
bodies such as sewage works. With even a small increase in cumulative rainfall, 
and hence an increase in natural habitat available in the landscape, they are more 
like to undertake a long distance journey. If their local landscape has received high 
levels of rainfall and is flooded they may choose to remain in the area and exploit 
the boom of resources this would provide. Roshier et al (2008) highlighted the 
correlation between distant rainfall and flooding events and the initiation of long 
distance movement in grey teal (Anas gracilis) in the same arid landscape. In this 
chapter I extend their findings by elucidating the role of local conditions, 
including rainfall and vegetation growth, but also daily fluctuations in 
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meteorological conditions on movement decisions of nomadic waterfowl. Pacific 
black duck appear to use fluctuations in weather conditions, such as atmospheric 
pressure and temperature, to fine tune movement decisions, as seen in migratory 
species with more predictable movement behaviour (Pyle et al. 1993; Danhardt & 
Lindstrom 2001; Shamoun-Baranes et al. 2006; Sapir et al. 2011).
Long distance oriented movement can be thought of as a condition-dependent 
behaviour that may be influenced not only by external factors like habitat 
availability, but also by physiological and ecological factors , such as energy 
reserves, breeding and predation risk (Zollner & Lima 2005; Nathan et al. 2008);
unfortunately the study of these other factors was beyond the scope of this study. 
A recent study by Cumming et al (2012) showed that even in a highly nomadic 
species of waterfowl, red-billed teal (Anas erythrorhyncha), movement patterns 
were highly consistent across a range of latitudes, and internal factors such as 
body condition and experience can both play an important role in determining 
patterns of movement.
In this chapter, I chose to focus on the initiation of the identified phases of 
movement behaviour rather than their cessation. While it is plausible that Pacific 
black duck may utilise specific environmental and meteorological cues in their 
decision to initiate a long distance journey, the reasons for cessation of flight are 
less likely to be strongly influenced by the same set of variables such as changes 
in atmospheric pressure or temperature. An individual may stop at a given 
destination for a number of reasons for example, having arrived at a predetermined 
destination or simply flying along an environmental gradient until a certain 
threshold of habitat quality, density of conspecifics or some other factor is 
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reached. It was beyond the scope of this study to investigate the many possible 
reasons for cessation of long distance flight in this species.
Of the 20 individuals that were tracked, only seven undertook long distance 
oriented movements. The predominance of sedentary behaviour may be explained 
by local conditions remaining favourable (permanent water in the form of sewage 
ponds), and the interaction of external cues with internal body condition, breeding 
status and experience as suggested by theoretical work (Nathan et al. 2008). In 
arid ecosystems nomadic birds must compare the potential costs and benefits of 
remaining in one place, or undertaking long distance movement (Dean 2004). The 
incentive to initiate long distance movement and leave an area may be much 
stronger during periods of declining local habitat quality (Dean, Barnard & 
Anderson 2009). The presence of permanent water bodies ameliorates the risks of 
prolonged sedentary behaviour to some degree, but these water bodies may not 
provide the same level of food availability and breeding opportunity for waterfowl 
as highly productive distant flood plains (Kingsford & Norman 2002).
Findings from random forest analysis show that fluctuations in meteorological 
conditions can be used to predict transitions between phases of movement 
behaviour. However, these meteorological predictors may not necessarily be the 
proximate drivers of movement. The changes in meteorological conditions may 
correlate with some unknown environmental covariate that individual birds 
respond to directly. Future work could explore other causes of variation in the 
movement patterns of arid zone waterfowl including physiological variables such 
as reproductive state, age and body condition.  
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4.5 Conclusion 
The findings presented here suggest that, in Pacific black duck, the decision to 
initiate long distance flights is a highly individualistic process which is influenced 
to a lesser degree by fluctuations in local weather variables.  The initiation of 
exploratory flights were found to be less dominated by individual variation and 
more strongly influenced by short term weather conditions and accumulation of 
water in the local landscape. The findings in this chapter begin to reveal how 
nomadic birds can respond adaptively to weather and climate variability and 
suggest that viewing nomadic movement decisions as simplistic responses to 
rainfall and flooding is unlikely to be helpful in addressing the enduring mysteries 
of nomadic movement in arid landscapes.
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5.1 Introduction
The distribution and dynamics of resources at broad scales are important drivers 
of movement in wide-ranging animals (Roshier & Reid 2003; Barraquand & 
Benhamou 2008; Fryxell et al. 2008; Getz & Saltz 2008). Individual movement 
responses may vary from range residency to migration and nomadic movement 
behaviours depending on the interplay between resource persistance, seasonality 
of resource availability, the internal state of the individual, individual experience 
and other factors (Bennetts & Kitchens 2000; Nathan et al. 2008; Schick et al.
2008).
How animals make individual movement decisions and the influence of 
environmental stochasticity in patterns of distribution have been identified as 
fundamental questions facing ecologists (Sutherland et al. 2013). In this chapter, 
measures of mobility and coordination among individuals are used to quantify 
how movement decisions of individuals can influence patterns of animal 
movement in stochastic arid landscapes and stable agricultural landscapes. This
chapter compares the movement of a common and wide-ranging species of 
waterfowl in two different ecosystems, arid landscapes and temperate agricultural 
landscapes (Figure 5.1). With most wetland resources in the arid landscape being 
temporary, (Roshier et al. 2001) and the agricultural landscape providing a 
multitude of permanent water resources (Table 5.1).
Studies of grey teal (Anas gracilis) in Australia have shown that waterfowl can 
display a high degree of individual variability in their movement behaviour in 
response to the same broad scale patterns of resource distribution (Roshier et al 
(2006; 2008; 2008). Recent theoretical studies have suggested an interaction 
between observed population distributions,  individual flexibility in movement 
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behaviour and the persistence of resource distributions (Mueller & Fagan 2008; 
Berbert & Fagan 2012). This theoretical work has been supported by empirical 
studies on ungulates in different landscapes (Mueller et al. 2011).  In this chapter,
I take advantage of a natural contrast between two sharply contrasting landscapes 
inhabited by the same species, a dabbling duck previously shown to display highly 
flexible movement behaviour (Chapter 3).  I utilise fine scale GPS tracking to
empirically test this suggested relationship between individualistic movement 
behaviour, population ranges and the predictability of resource distributions in arid 
and agricultural landscapes.
For waterbirds, the accessibility of inland arid landscapes can change 
dramatically under the influence of unpredictable flooding events (Roshier et al.
2001a; Soule et al. 2004; Bunn et al. 2006). Arid and agricultural landscapes 
differ greatly in a number of key characteristics that could influence the movement 
of waterfowl, including primary productivity, habitat availability, food quality and 
abundance (Pöysä 1991; Barney 2008), predation risk (Guillemain et al. 2007a; 
Davis & Afton 2010) and human disturbance (Korschgen & Dahlgren 1992; Rosin
et al. 2012).
Pacific black duck are not noted as a highly social species, generally occurring in 
mixed flocks of small numbers (Marchant & Higgins 1990a). As a dabbling duck 
that feeds in shallow water (Marchant & Higgins 1990a), the Pacific black duck 
has a spatial ecology that is  shaped by the availability of suitable aquatic habitat.  
Differences in variability of total annual rainfall affect the availability and 
persistence of natural habitat in each landscape, while differences in the density of 
anthropogenic water sources (Figure 5.2) influence the level of connectivity 
between habitat patches over time (Roshier et al. 2001a). The release site at Roxby 
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Downs lies on the boundary between the South Australian Gulf drainage basin and 
the Lake Eyre basin (Figure 5.1).  During wet conditions the Lake Eyre drainage 
basin, has a high number of natural wetlands and large areas affected by flooding 
(Table 5.1).  Even during times of flooding, the distance between large patches of 
habitat in the arid landscape and the lower availability of permanent anthropogenic 
water sources compared to agricultural landscapes (Table 5.1, Figure 5.2), may 
limit the extent of animal movement. During the course of this study the arid 
landscape in which this study was conducted experienced a 1 in 30 year flooding 
event driven by several major rainfall events across 2010 and 2011 (Australian 
Government Bureau of Meterology 2012).
In contrast, birds in agricultural landscapes have access to a dense and relatively 
stable array of permanent water bodies (Figure 5.2, Table 5.2) which do not 
significantly change their spatial arrangement over time (Kingsford 2000; Haslem 
& Bennett 2008; Finlayson et al. 2013). In the arid landscape changes in 
meteorological variables and regional flooding are seen to predict the initiation of 
long distance movements (Chapter 4). The drainage basin within which the 
agricultural landscape is set has a much smaller area of land that is prone to 
flooding and drying (Table 5.1) and a more predictable pattern of rainfall (Table 
5.2). The total number of available natural wetlands is much smaller than in the 
arid landscape and these wetlands do not undergo the same dramatic fluctuations 
in habitat availability and quality that occur in the arid landscape. 
When comparing the movement ecology of Pacific black duck between arid and 
agricultural landscapes I made the following predictions: 1) Pacific black duck in 
the arid landscape would cover a larger total range than those in the agricultural 
landscape, 2) Pacific black duck in the arid landscape would be more mobile than 
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those in  the agricultural landscape and, 3) Pacific black duck in the stochastic arid 
landscape would show less coordination in their movement patterns than those in 
the more stable agricultural landscape.
5.2 Methods
5.2.1 Study Sites
The arid landscape study site for this chapter was in the arid northern region of 
South Australia. Pacific black duck (n = 20) were captured in the vicinity of 
Roxby Downs (Figure 5.1) as described in previous chapters.  The movements of 
birds in the arid landscape were largely confined to the southern part of the Lake 
Eyre Basin (Figure 5.1), an expansive, internally draining basin covering much of 
the arid landscape of central Australia and extending into the tropical regions of 
the north. Much of this area receives the lowest mean annual rainfall in Australia 
but also shows the highest variability in annual rainfall (Milner-Gulland, Fryxell 
& Sinclair 2011, Table 5.2).  The occurrence of several rainfall events during the 
study period lead to the creation of numerous ephemeral habitat patches 
throughout this arid landscape. In particular, major flooding events to the north 
east in March and December 2010 and February 2011, created large semi-
permanent wetlands along the Cooper Creek (see Chapter 3).  
The agricultural landscape study site was in the region of Clare, South Australia. 
Clare lies 400km to the South of Roxby Downs outside the arid zone in an area 
dominated by agriculture, grazing and wine growing (Figures 5.1 & 5.3). A 
municipal sewage works (-33.823 S, 138.607 E) again served as a focal point for 
waterfowl in this landscape and all individuals (n = 18) were captured here over 
two trapping periods in May 2010.  The Clare Valley is heavily cultivated and 
used for various agricultural crops, as are large parts of Australia which fall south 
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of Goyder’s line (Figure 5.3). Goyder’s line is a line corresponding to a rainfall 
boundary (300 mm/yr) which effectively marks the boundary of land suitable for 
cultivation of crops (Meinig 1961). The extent of the agricultural landscape for 
this study, while difficult to define precisely, was taken as falling south of 
Goyder’s line. The majority of GPS fixes taken from birds released in Clare fell 
within the southern portion of the South Australian Gulf drainage basin with one 
bird travelling into the Murray-Darling drainage basin (another major agricultural 
region). The number of large water storages in these two drainage basins (40 and 
248 respectively) far outnumbers those in the Lake Eyre basin (8) within which 
birds released at Roxby Downs were tracked, with some overlap with the northern 
boundary of the South Australian Gulf drainage basin (Table 5.1). The region 
around the release site at Clare has a low to moderate variability in annual rainfall 
(Table 5.2) and with the exception of December 2010 and 2011 (daily rainfall of 
58mm and 54mm respectively, exceeding the monthly average for December of 
36mm; Australian Bureau of Meteorology) there were no intense rainfall events in 
Clare during the study period. 
Aquatic habitat in this landscape is almost entirely limited to man-made 
infrastructure such as farm dams and sewage works. The density of man-made 
water bodies in the agricultural landscape (mean=3.8/km2) is higher than in the 
arid landscape (mean= 0.1/km2) (Figure 5.2), with a small number of 
intermittently flooding small lakes, creeks and swamps becoming available with 
rainfall (Table 5.1).
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Figure 5.1: Major drainage basins in Australia and the trajectories of all tracked birds. Birds released in the arid landscape at Roxby Downs were 
recorded moving within the southern portion of the Lake Eyre basin and around the border with the South Australian Gulf basin. Birds released in 
the agricultural landscape at Clare were recorded almost entirely within the southern portion of the South Australian Gulf basin (17/18 birds). One 
individual (#99027) was recorded making a return journey to the Murray- Darling basin, visiting a large floodplain. Source: Australian Bureau of 
Meteorology (http://www.bom.gov.au/water/geofabric/documents/BOM002_Map_Poster_A3_Web.pdf).
Chapter 5: Movement ecology of Pacific black duck in arid and agricultural landscapes
133
Table 5.1: Characteristics of the major drainage basins within which birds were tracked. 
Total area of the basin, area of natural wetlands and total area subject to inundation are 
shown as well as the number of large dams and the total capacity of those dams.  A dam is 
defined as ‘large’ if it has a capacity >1000 Ml or a crest or wall height > 15 m. Source: 
Australian Government National Water Commission, Water Account Australia 
(Geoscience Australia 2006; Trewin 2006; Finlayson et al. 2013) Source:
www.water.gov.au/publications/ABS_Water_Account_2004-05_Chpt9a.pdf.
Basin
Total 
area 
(km2)
Total Area
of Natural 
Wetlands 
(km2)
Area of Floodplains 
(areas subject to 
inundation) (km2)
Number 
of  
Large 
Dams
Total 
Capacity of 
Large Dams 
(Ml)
Lake 
Eyre 117,0000 722.13 436.87 8 31,805
South 
Australia
n Gulf
82,300 75.43 4.66 40 38,0757
Murray-
Darling 106,2530 534.17 395 248 299,07795
Table 5.2: Index of variability in annual rainfall at each release site, defined as the 90th 
rainfall percentile minus the 10th rainfall percentile divided by the 50th percentile. Mean 
density of man-made water bodies in the landscape surrounding each release site. Density 
was calculated using satellite imagery (Google Earth) where a 200km2 grid was overlaid 
on the landscape, centred on each of the release sites. This grid was divided into 10km2
cells and 20 cells were chosen at random. The number of man-made water bodies in each 
cell was counted by visually scanning each cell. Source: Australian Bureau of 
Meteorology, (http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall-
variability/index.jsp).   
Release Site
Variability in 
Annual 
Rainfall
BOM Index of 
Variability
Mean density of man-
made water bodies per 
km2
Clare 0.54 Low-Moderate 3.8
Roxby 1.38 Very high- Extreme 0.1
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Figure 5.2: Density of man-made water bodies in the landscape surrounding each release 
site. Density was calculated using satellite imagery (Google Earth) where a 200km2 grid 
was overlaid on the landscape, centred on each of the release sites, Clare and Roxby 
Downs. This grid was divided into 10km2 cells and 20 cells were chosen at random. The 
number of man-made water bodies in each cell was counted by visually scanning each 
cell. The density of farm dams in the agricultural landscape was found to be significantly 
higher than in the arid landscape (Welch’s two sample t-test, df = 19, p<0.01).
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Figure 5.3: Release sites in the arid landscape (Roxby Downs) and the agricultural 
landscape (Clare). Arid and agricultural landscapes are delineated by Goyder’s line 
(pink), land to the north of which is considered unsuitable for crop cultivation. Major 
rivers close to each study site are shown. Large lakes close to Roxby Downs are salt lakes 
which provide little or no habitat for Pacific black duck.  Source: Atlas of South Australia 
(http://www.atlas.sa.gov.au).
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5.2.2 Tracking Pacific Black Duck Using GPS
Pacific black duck were trapped and fitted with GPS transmitters as described in 
previous chapters. The total sampling period lasted from December 2009 to March 
2013. At Roxby Downs birds were captured opportunistically at different times 
throughout the study period. One bird was captured in December 2009, a second 
in February 2010, a further 11 birds were captured in December 2010 and the 
remaining seven were captured between February and April 2011. At Clare, 18 
birds were captured during May 2010. Eight transmitters were recovered and 
redeployed throughout the study period, denoted with the suffix “RED” in the 
individual bird IDs. For summary of tracking data from all birds tracked see 
Appendix 1.
5.2.3 Quantifying Individual and Population Ranges
In this chapter utilisation distributions were used to estimate individual and 
population ranges.  Utilisation distributions (Millspaugh et al. 2006) use kernel 
density methods to determine not only the outer limits of an individual’s home 
range but also to develop contours showing the intensity with which certain areas 
within that range are used. Utilisation distributions for each population were 
created using the  “adehabitatHR” package (Calenge 2006) in the R programming 
environment (R Core Development Team 2008).
More recent techniques such as Brownian bridge utilisation distributions (Horne 
et al. 2007) take into account the realistic speed of an animal and accuracy of GPS 
locations to model utilisation of the spaces between points.  Dynamic Brownian 
Bridge Models (DBBM; (Kranstauber et al. 2012) incorporate an analysis of 
behavioural change points, as seen in Chapter 3, into the model to create 
utilisation distributions. Measures of habitat utilisation that are based on 
individual movement paths and incorporate basic knowledge of the animal’s 
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behaviour, rather than analyses based on the spatial configuration of GPS 
locations alone, can greatly increase the ecological relevance of home range 
analysis. Pacific black duck are behaviourally flexible (see Chapter 3) and will 
utilise relatively small patches of habitat in a hostile matrix of arid land.
Therefore, in stochastic arid landscapes, DBBM provides a more realistic 
description of the habitat utilisation of an individual. Dynamic Brownian bridge 
modelling was carried out using the package ‘move’ (Kranstauber et al. 2012) in
the R programming environment (R Core Development Team 2008).
5.2.4 Realised Mobility Index
The Realised Mobility Index (RMI) as proposed by Roshier and Reid (2003) is 
an index that  relates the extent of an individual’s movements throughout its life 
(lifetime range) to the geographic range of the population or species. RMI is 
effective for describing the movement behaviour of wide-ranging species with no 
stable home range. 
ܴܯܫ = ൬ ܮ݂݅݁ݐ݅݉݁ ܴܽ݊݃݁ܩ݁݋݃ݎܽ݌݄݅ܿ ܴܽ݊݃݁൰
However, when more refined methods of calculating the lifetime range are used, 
such as DBBM, the calculation of RMI as a ratio of area becomes problematic.
The only application of RMI in the literature to date (Mueller et al. 2011) used 
simple measurements of home range size, minimum convex polygons.  In the case 
of Pacific black duck which make rapid direct flight between distinct areas of 
aquatic habitat (Chapter 3), the utilisation distributions produced by DBBM are 
tightly centred on specific water bodies with little utilisation of intervening 
habitat. Unlike minimum convex polygons, DBBM utilisation distributions can 
take the form of several small patches joined by a narrow corridor or completely 
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disjunct in space.  Therefore, two individuals for which their utilisation 
distribution (lifetime range) covers a similar total area but are disjunct in space 
will have a near identical RMI value if calculated as a proportion of their common 
geographic range. However, one of these individuals may have displayed a
sedentary movement pattern while the other may have made long distance 
movements across much of the total geographic range of the population in order to
utilise a small habitat patch at a distant location. Although these two individuals 
would have almost identical RMI values, their levels of mobility differ markedly 
(Figure 5.4).
Figure 5.4: Two individuals with 
home ranges (yellow and red) 
similar in area but disjunct in space 
would generate similar values of 
realised mobility (RMI), even 
though one individual (red)  has 
travelled 500km from the release 
site and is clearly more mobile. 
In order to address this problem, I propose that a factor that describes the 
maximum distance moved from a shared origin as a proportion of the maximum 
distance moved by any individual in the population is included, to account for the 
fact that an individual may have travelled rapidly across much of the population 
range without actually utilising a greater area than that of an individual which 
never left the immediate area of the release site. This is a novel approach that 
allows for the integration of more sophisticated methods of home range estimation 
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but does require that all individuals be released from a common point of origin, 
which may not be the case in all studies. Adjusted RMI was calculated using the 
following formula:
ܴܽܯܫ = ൬ܮܴܴܲ൰× ቆ1 ÷  ൬
ܦ
ܯܽݔ ܦ൰ቇ
Where LR is the lifetime range of the individual, PR is the total range of the 
population, D is the maximum distance moved from the origin by that individual 
and Max D is the maximum distance from a shared origin moved by any 
individual in the population. The length of time each individual was tracked varied 
in both landscapes due to non-simultaneous release of some individuals and 
varying survival. Therefore, only data from birds that had been tracked for more 
than 180 days (8 birds in each landscape, see Table 5.3) were used in RMI 
analysis. 
5.2.5 Movement Co-ordination Index
The Movement Coordination Index (MCI) uses displacement along the X and Y 
axes over a defined time step (24 hours) among individuals in each landscape to 
describe inter-individual variation in direction and distance of movements
(Mueller et al. 2011). MCI values close to 1 indicate highly coordinated 
movement among individuals; values close to 0 indicate highly independent 
movement patterns. MCI was used to compare the coordination of movements 
among individual Pacific black duck in the two landscapes. Data for this analysis 
was restricted to periods where a minimum of five birds were active throughout 
the sampling period. For birds in the agricultural landscape the sampling period 
was 213 days (May 2010 – January 2011) and in the arid landscape the sampling 
period was 179 days (December 2010 – June 2011). As release dates at each 
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location and individual survival rates vary, there is little overlap (one month)
between the two samples. Mean MCI values for each landscape were compared 
using a Kruskal Wallis Test for comparing samples of different sizes in the R 
programming environment (R Core Development Team 2008) with P <0.05  
considered significant. 
5.3 Results
5.3.1 GPS tracking
Pacific black duck in the arid landscape (n=20) were tracked between December 
2009 and November 2011 (23 months). During this period seven individuals took 
long distance (>100 km) trips away from the release site towards freshly flooded 
wetlands to the north east (Figure 3.1) with two individuals travelling >500 km 
towards Cooper Creek. The other 13 individuals remained within a 60 km radius 
of Roxby Downs moving between the sewage works and numerous ephemeral 
wetlands in the area. Individual tracking times ranged from 42 to 398 days. For a 
full summary of tracking data see Appendix 1. 
Pacific black duck in the agricultural landscape (n=18) were tracked between 
May 2010 and March 2013 (34 months). Individuals in Clare remained largely 
sedentary with two individuals travelling 100km to the south towards Adelaide,
South Australia and one individual undertaking a long distance journey (>400km)  
along the Murray River towards recently inundated swamps on the Darling River 
(NSW). After remaining at that location for three months, this individual returned 
to Clare with a brief visit to a coastal wetland (Figure 5.6).  Individual tracking 
times ranged from 26 to 1066 days.
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Figure 5.5: Trajectories of 18 individuals released at Clare covering the period May 2010 - January 2011. One individual (#99027) made a long 
distance journey along the Murray River towards recently flooded wetlands along the Darling River. Two individuals made brief journeys <100 
km south of the release site at different times throughout the study.
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5.3.2 Individual and Population Ranges
The combined geographical range of movement over the study period, as 
determined by utilisation distribution methods, differs greatly between the two 
landscapes. The total range covered by birds in the arid landscape (n=20) over 23 
months was 21,290 km2 which is considerably larger than the range of birds in the 
agricultural landscape, 3,502 km2 (n=18) covered over 34 months (Figure 5.7).  
For estimation of individual ranges kernel density and Dynamic Brownian Bridge 
Modelling (DBBM) were employed (Table 5.3). DBBM provided individual 
ranges which fit tightly to the actual locations utilised by birds while accounting 
for movement of individuals between locations and as such was selected as the 
best estimation of the range of individuals (for examples of output from each 
method see Appendix 4).  The mean individual range within each landscape was 
not significantly different (Kruskal Wallis Ȥ2=2.65, df = 1, p=0.1, arid: n = 8, 
agricultural: n = 8) but showed a high degree of inter-individual variation (Table 
5.3). In the arid landscape, individual ranges varied form from 0.02 km2 to 10,631 
km2.  In the agricultural landscape individual ranges varied from 0.02 km2 to 390 
km2.
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Table 5.3: Range areas for individual birds in the arid (A) and agricultural (B) landscapes calculated using kernel density utilisation distribution 
(KUD) and dynamic Brownian bridge movement modelling (DBBM) methods. Both methods can be affected by the total time an individual was 
tracked. Non-simultaneous release and varying rates of transmitter survival lead to reduced tracking time for some individuals. Further analysis on 
range size was restricted to individuals tracked for more than 180 days, marked in green. 
Bird ID KUD Area 
(km2)
DBBM Area 
(km2)
Landscape
103419 447.81 127.0 Roxby
103420 3.12 1.0 Roxby
103421 331.92 13.7 Roxby
103422 920.91 72.0 Roxby
103423 1857.34 229.0 Roxby
103424 865.60 210.0 Roxby
103425 2977.95 1356.0 Roxby
103426 14179.79 230.0 Roxby
103427 59920.28 10631.0 Roxby
103428 257.27 43.0 Roxby
96586 82646.69 770.0 Roxby
96585 81.13 11.0 Roxby
96585RED 21461.63 551.0 Roxby
96585RED2 0.20 0.2 Roxby
99023RED 12041.17 1440.0 Roxby
99020RED 405.21 61.0 Roxby
103421RED 0.43 0.3 Roxby
103423RED 918.00 155.0 Roxby
99035RED 60.57 186.0 Roxby
96586RED 104.31 96.0 Roxby
Population Range 21290 NA 
Mean 9974.07 809.16 
sd 22068.38 2350.55 
Bird ID KUD Area (km2) DBBM Area (km2) Landscape
99019 7171.83 107.0 Clare
99020 1.10 0.04 Clare
99021 25473.47 390.0 Clare
99022 15.86 0.02 Clare
99023 54.71 4.6 Clare
99024 42.10 15.00 Clare
99026 11.78 0.26 Clare
99027 286.62 89 Clare
99028 17.44 12.4 Clare
99029 87.09 44.97 Clare
99030 334.20 72.58 Clare
99031 0.20 0.8 Clare
99032 1.00 2.3 Clare
99033 42.73 17.84 Clare
99034 32.06 28.5 Clare
99035 357.16 163.48 Clare
99036 5.55 7.1 Clare
Population Range 3502 NA 
Mean 1996.17 56.23 
sd 6289.53 97.89 
A B
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Figure 5.6: 95% utilisation distributions for all birds released at Roxby Downs and Clare. 
The outer boundary of the utilisation distribution represents the area within which there is 
a 95% probability of locating an individual. Within this range, areas are coloured by 
intensity of utilisation; blue indicates heavily utilised, red indicates infrequently utilised. 
Range area for birds at Roxby Downs was 21,290 km2.  Range size for birds in Clare was 
3,502 km2. Arid and agricultural landscapes are delineated by Goyder’s line (pink), land
to the north of which is considered unsuitable for crop cultivation.
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5.3.3 Nocturnal and Diurnal Patterns of Movement
In both arid and agricultural landscapes Pacific black duck displayed a pattern of 
continuous movement throughout the night as seen in Chapter 2 (Figure 5.8).  The 
cumulative distance moved by individuals throughout the study period (Figure 
5.9) shows that birds in both landscapes move greater distances at night than 
during the day. Birds in the arid landscape displayed a sharp increase in 
cumulative displacement at night across the study period while cumulative 
displacement during the day increased at a steady rate. In the agricultural 
landscape the rate of increase in displacement during the night and day remained
constant throughout the study period.  The occurrence of widespread flooding 
associated with cyclone Yasi (see Chapter 2) was followed by a pronounced 
divergence between displacement at night and during the day by birds in the arid 
landscape.
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        Arid Landscape                                          Agricultural Landscape
Figure 5.7:  Displacement between fixes (2 hours) against time in relation to first and last light in the arid landscape (A) and agricultural 
landscape (B). Fixes taken after last light (approx. 30mins after sunset) and before first light (approx 30 min before sunrise) are marked in blue.  
Fixes taken between first light and last light are marked in pink.  Displacements of less than 100m were removed, because they represent short 
distant movements around individual ponds.
A B
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Arid Landscape
Agricultural Landscape
Figure 5.8:  Cumulative displacement for all PBD tagged at Roxby Downs (A) from 
December 2010 to September 2011 shown in 10 day increments and Clare (B) from May 
2010 to Jan 2012 shown in 20 day increments.  Displacement at night is shown in blue, 
and during the day is shown in pink.  Tick marks in top graph indicate intervals of 10 
days, tick marks in bottom graph indicate intervals of 20 days.  
A
B
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5.3.4 Realised Mobility
The mean area of individual range (for birds tracked for longer than 180 days) 
was not significantly different between the two landscapes (Kruskal Wallis 
Ȥ2=2.65, df = 1, p=0.1, arid: n = 8, agricultural: n = 8). When individual ranges are 
expressed as a proportion of the area of the total population range the realised 
mobility of individuals in both landscapes   is low (aRMI <0.6). A comparison of 
means found no significant difference (Kruskal Wallis Ȥ2=2.16, df = 1, p=0.1)
between the aRMI values for birds released at Roxby Downs (mean=0.12, range= 
0.02-0.49) and those released at Clare (mean= 0.24, range= 0.01 -0.55). However, 
this result was strongly influenced by the presence of a single high value from one 
individual in the arid landscape (>5 standard deviations from the mean value).
This one individual (#103427) engaged in prolonged nomadic behaviour covering 
a large proportion of the available range. All other birds in this region moved over 
smaller proportions of the available area through either sedentary behaviour or 
direct and rapid flight to specific locations. If it is assumed that this individual’s 
behaviour was not representative of the general picture of movement behaviour in 
this population, and the one outlier is removed, the difference between the two 
landscapes becomes significant (Kruskal Wallis Ȥ2=3.88, df = 1, p<0.05) and the 
range of aRMI values for birds in the arid landscape drops from 0.47 to 0.16.  
There appears to be a greater variation between individuals in the agricultural 
landscape (aRMI 0 - 0.56) with no major outliers and a more even spread of 
values in the sample. This indicates higher inter-individual variation in terms of 
their mobility within their limited geographic range (Table 5.4; Figure 5.10). With 
the exception of the single outlier (representing a bird that travelled long distances 
from the origin but utilised many patches of habitat), birds in the arid landscape 
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display low levels of realised mobility with little inter-individual variation (Figure 
5.10). 
Table 5.4: Adjusted Realised Mobility Index (aRMI) for individuals tracked in the arid 
and agricultural landscape. aRMI represents the relationship between the area covered by 
an individual and the total population range, adjusted for distance moved from a shared 
origin.
Figure 5.9: Adjusted Realised Mobility Index (aRMI) for birds released in the 
agricultural landscape (mean= 0.24, range= 0.01 -0.55) and the arid landscape 
(mean=0.12, range= 0.02-0.49).  No significant difference was found in aRMI between 
the two landscapes (Kruskal Wallis Ȥ2=2.16, df = 1, p=0.1).  A single outlier in the data 
from birds in the arid landscape strongly affected the result. After removal of this outlier, 
Bird ID Range Area (Km2) aRMI Landscape
99027 70 0.07 Agricultural
99030 92 0.34 Agricultural
99035 155 0.56 Agricultural
99019 161 0.17 Agricultural
99020 0.02 0.01 Agricultural
99021 361 0.13 Agricultural
99022 23 0.39 Agricultural
99024 69 0.28 Agricultural
103419 127 0.08 Arid
103422 72 0.03 Arid
103425 1356 0.16 Arid
103426 230 0.02 Arid
103427 10631 0.49 Arid
103428 43 0.04 Arid
96586 770 0.04 Arid
103423RED 155 0.09 Arid
Chapter 5: Movement ecology of Pacific black duck in arid and agricultural landscapes
150
the difference between the two landscapes becomes significant (Kruskal Wallis Ȥ2=3.88, 
df = 1, p<0.05).
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5.3.5 Movement Coordination
Pacific black duck in the arid landscape (Roxby Downs) and agricultural 
landscape (Clare) showed significantly different levels of co-ordination of 
movement among individuals (Figure 5.11). The arid landscape population 
displayed higher levels of coordination in terms of distances moved and direction 
of movement than birds in the agricultural landscape (Figure 5.12).  During the 
sampling period in the agricultural landscape (May 2010 – January 2011) the daily 
values of MCI showed a high degree of variability (range = 0 - 0.8) with no 
obvious patterns emerging. In contrast in the sampling period December 2010 –
June 2011, the daily MCI values for birds in the arid landscape of Roxby Downs 
showed a smaller range (0.5 to 1.0) with several notable drops in the level of 
coordination throughout the sampling period. Over the period of this study two 
individuals out a total of 38 were observed to move together along the same 
trajectory at the same time for a total of 7 days.
Figure 5.10: Movement Coordination Index (MCI) for birds released in Clare (green) and 
Roxby (orange). The dark line in the centre of each box represents the median value, the 
bottom and top of the boxes represent the first and third quartiles, whiskers showing the 
minimum and maximum values. Clare birds had a mean MCI value of 0.36 and birds from 
Roxby Downs had a mean MCI=0.85. MCI values from the two landscapes were found to 
have significantly different distributions (Kruskal Wallis Ȥ2=273, df = 1, p<0.01).
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Figure 5.11: Movement Coordination Index (MCI) for birds in the agricultural landscape (green) and birds in the arid landscape (orange). MCI, 
measures the similarity among individual movement patterns on a 24 hour scale. MCI values close to 1 indicate highly coordinated movement 
among individuals; values close to 0 indicate highly independent movement patterns.  The sample for each location was limited to periods where 
a minimum of 5 birds were active throughout the sampling period. As release dates and survival rates vary, there is little overlap in time between 
the two samples.
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5.4 Discussion
This chapter reveals differences in the movement ecology of Pacific black duck
between an arid landscape and an agricultural landscape with contrasting levels of 
predictability in temporal and spatial distribution of resources. In relation to the 
predictions made at the beginning of this chapter the results have shown that; 1) 
Pacific black duck in the arid landscape do cover a larger total range than those in 
the agricultural landscape, 2) levels of realised mobility within that range showed 
no significant difference between landscapes, unless one individual with 
exceptionally high mobility was removed. In this case the results show a lower 
level of realised mobility in the arid landscape, contrary to my original prediction 
and, 3) Pacific black duck in the stochastic arid landscape are in fact highly 
coordinated in their movement patterns compared to those in a more stable and 
predictable agricultural landscape, also contrary to my original prediction. 
The arid and agricultural landscapes chosen for this study differ in a number of 
important ways which could influence movement behaviour of waterbirds. The 
climatic conditions in the arid landscape are starkly different to those in the 
agricultural landscape which displays less variability in rainfall (Table 5.2). The 
climatic and hydrological differences between these landscapes lead to more 
consistent levels of primary productivity in the agricultural landscape which in 
turn could support a more reliable source of food such as seeds from crops and 
aquatic invertebrates, which has been shown to influence the abundance of 
dabbling ducks (Raeside, Petrie & Nudds 2007) . Differences in the abundance 
and quality of food sources in each landscape were not measured during this study
but may have influenced the observed differences in movement between 
landscapes (McNeil et al. 1995; McIntyre & Wiens 1999), as birds in arid 
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landscapes may have to acquire resources over a larger scale and are more 
dependent on exploiting ephemeral resources.  The relative predation pressure on 
Pacific black duck in each landscape was not quantified in this study and may 
have played a role in the movement decisions of Pacific black duck in both 
landscapes for example by limiting the frequency and duration of long distance 
movements and making individuals less prone to move independently (Zollner & 
Lima 2005; Brana, Prieto & Gonzalez-Quiros 2010). The agricultural landscape 
around Clare is more densely populated by humans, and home to an intensive 
agricultural industry, suggesting that birds in this landscape are subject to higher 
levels of human disturbance than in the arid landscape. Human disturbance may 
influence the movement behaviour of individual birds by disrupting roosting sites 
and creating more variable movement patterns (Korschgen & Dahlgren 1992; 
Madsen 1995; Guillemain et al. 2007b; Rosin et al. 2012).
While the agricultural and arid landscapes in this study differ in numerous 
aspects important to waterbirds, many of these differences such as habitat 
availability, food abundance, and water quality are ultimately shaped by the 
underlying climatic and anthropogenic processes such as the availability of natural 
wetlands (Table 5.1), the variability in total annual rainfall (Table 5.2), and the
availability of permanent water in the landscape (Figure 5.2). Although predation 
pressure, seasonal changes in temperature, human disturbance and fine scale 
habitat characteristics play a role in shaping movement behaviour, as waterfowl 
are dependent on aquatic habitat, the broad patterns of spatial ecology (such as 
extent of their range and the co-ordination of movement within that range) are 
likely to be most strongly influenced by the temporal predictability and spatial 
distribution of patches of suitable aquatic habitat in the landscape. 
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5.4.1 Nocturnal and Diurnal Patterns of Movement
Dabbling ducks forage nocturnally (Owen 1991; McNeil, Drapeau & 
Gosscustard 1992; Guillemain, Fritz & Duncan 2002b) and  make movements in 
the hours surrounding dawn and dusk (Cox & Afton 1996; Mahaulpatha et al.
2002; Davis & Afton 2010).  Pacific black duck in the arid landscape displayed 
movement throughout the night and with a period of intense movement activity 
around the hours of first and last light (Chapter 2) and this pattern was also shown 
by birds in the agricultural landscape (Figure 5.8). This suggests that nocturnal 
movement throughout the night and peaks of movement activity at first and last 
light as birds fly to and from daytime roosting areas is likely a common feature of 
the ecology of this species which is not influenced by the many differences 
between these two landscapes.  
In the arid landscape, there is a rapid and pronounced increase in cumulative 
displacement at night, compared to birds in the agricultural landscape, following 
heavy rains in Feb 2011 (Figure 5.9). This could be explained by a sharp increase 
in local nocturnal movements in response to widespread flooding (see Chapter 2) 
and the movements of seven individuals undertaking long distance flights and 
doing so almost exclusively at night.  In the agricultural landscape birds were also 
observed to move greater distances during the night than during the day but the 
gap between the two is less pronounced and remains stable over time indicating 
that journeys undertaken at night were generally over similar distances as those 
during the day. The agricultural landscape was not subject to the same widespread 
flooding seen in the arid landscape and the more constant relationship between 
nocturnal and diurnal movements over the study period may reflect the 
predictability and persistence of resources in the agricultural landscape as birds do 
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not need to adjust their behaviour to exploit ephemeral resources and have access 
to a dense array of permanent water bodies.
5.4.2 Realised Mobility
When adjusted for distance moved from the origin, as applied in this chapter, the 
realised mobility of birds in the arid and agricultural landscapes was not 
significantly different. As noted in the results the movement pattern of one 
individual which undertook a series of long distance movements covering a large 
area throughout the study period strongly influenced this result. It could be 
considered that this individual did not represent the general pattern of movement 
in this population as even those other birds that did move over similar distances 
(Figure 3.1) did not cover large proportions of the total available range. If this 
outlier is removed from analysis, the realised mobility of birds in the arid 
landscape is significantly lower than that of birds in the agricultural landscape.
However, the aRMI values for Pacific black duck in both landscapes indicate a 
low level of mobility in relation to their respective geographic ranges (Figure 
5.10).  This suggests a predominantly sedentary movement pattern for Pacific 
black duck in both landscapes over the study period which is supported by data 
from Behavioural Change Point Analysis (BCPA) in Chapter 3.
In the arid landscape the majority of individuals (with the exception of one 
outlier) have very low aRMI values, indicating a largely sedentary lifestyle. Of the 
20 birds released at Roxby Downs, seven were known to have travelled more than 
100km from the origin. The sub-sample of eight birds in the arid landscape that 
were tracked for more than 180 days, included four of these individuals that 
undertook long distance journeys visiting recently inundated wetlands along the 
Cooper Creek river system,  but only two of these showed values of aRMI > 0.1.
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This suggests that sedentary patterns of movement are common state for Pacific 
black duck in the arid landscape but animals respond to rapidly changing 
conditions by taking direct flights to specific locations, whereupon they quickly 
become sedentary again (see Chapter 3).  
In contrast, birds in the agricultural landscape show higher levels of  inter-
individual variability in aRMI values and a relatively small area covered by the 
population range compared to arid landscape birds (Roxby Downs: 21,290 km2,
Clare:  3,502 km2). These results suggests that when the constraints of resource 
habitat availability are relaxed Pacific black duck move over a limited range as 
they are not forced to travel long distances to access suitable habitat, but the extent 
to which individual birds move within this limited range is highly variable 
compared to birds in the arid landscape. This greater variation in the aRMI values 
of birds in an agricultural landscape also reflects the findings of Roshier et al 
(2008) where a higher degree of individual variation in movement behaviour in 
grey teal in agricultural landscapes was observed compared to those in arid 
landscapes.
5.4.3 Movement Coordination
The degree of coordination of movement among birds in each landscape differs 
markedly (Figure 5.11 & 5.12). The significantly higher MCI values among birds 
released at Roxby Downs indicate a highly coordinated pattern of movement 
which is most likely influenced by two main factors. Firstly, the high degree of 
coordination observed is influenced by the prolonged periods of sedentary 
behaviour displayed by birds in the arid landscape (as seen in Chapter 3). 
Secondly in the arid landscape, even under rare conditions of extensive flooding, 
viable habitat patches are not evenly distributed across this hostile arid landscape 
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and birds may be constrained to a limited number of directions in which they can 
travel without risking their survival. 
Long distance movements undertaken by seven Pacific black duck released at 
Roxby all shared a broadly north easterly orientation (Figure 3.1) as birds moved 
toward freshly flooded habitats on Cooper Creek and surrounding areas, perhaps 
to exploit breeding and feeding opportunities (Kingsford & Norman 2002).
The consistently high MCI values even in periods when birds remained sedentary 
could be an indication that, even in times of abundance, the movement decisions 
made by Pacific black duck in the arid landscape are more limited than those in 
agricultural landscapes. The coordination of movement in terms of direction and 
distance of travel could be shaped by limited availability of local wetlands and by 
the challenges of travelling across the arid interior leading to small range of 
potentially successful choices. The observed coordination of movement in this 
group of birds could also be influenced by other factors such as previous 
experience of certain locations (Fagan et al. 2013), or gaining information from 
the movements of other individuals (Ward & Zahavi 1973; Couzin et al. 2005; 
Clobert et al. 2009).   
It should be noted that although both anthropogenic and natural water sources 
were present to the south of the release site at Roxby Downs, no birds travelled 
further than 60 km to the south. The preference for moving to the north-east could 
be explained by differences in the quality of the wetlands available, as the extreme 
flooding in that direction caused the creation of highly productive wetland habitats 
(Kingsford, Roshier & Porter 2010). It  is also plausible that tagged birds had no 
information concerning the conditions of their eventual destination and it was 
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simply easier to fly to the north-east via a network off small wetlands making 
short jumps between each and no such ‘stepping stones’ existed to the south.   
The stability over time (low variability in rainfall) and the spatial homogeneity of 
resources (abundant anthropogenic water sources) could explain the less 
constrained pattern of movement in the agricultural landscape (mean MCI=0.36) 
compared to the arid landscape (mean MCI=0.846). Birds in released Clare did not 
have far to travel to reach the next water body and these water bodies can be relied 
upon to persist in the landscape.  The results of MCI analysis appear to illustrate a 
similar interaction between behavioural flexibility of individuals and landscape 
predictability as has been predicted by theoretical work (Mueller & Fagan 2008; 
Berbert & Fagan 2012) and observed in other nomadic species of birds (Bennetts 
& Kitchens 2000; Roshier, Doerr & Doerr 2008; Kingsford, Roshier & Porter 
2010; Bowling, Martin & Kitchens 2012) and ungulates (Fryxell, Wilmshurst & 
Sinclair 2004; Forester et al. 2007; Mueller et al. 2011; Singh et al. 2012).
5.4.4 Spatial Ecology at the Population Level
In an arid landscape with few permanent water bodies, habitat choices are more 
limited and the risks involved in expending energy on a possibly fruitless long 
distance flight are greater (Strandberg et al. 2010). When individuals do make the 
decision to transition from sedentary behaviour to long distance movement, the 
distance and direction in which they move is highly coordinated (Figure 5.12). In 
contrast, the spatial ecology of the Pacific black duck population in the 
agricultural landscape is characterised by a limited population range and greater 
individual variability in realised mobility. 
The presence of anthropogenic water sources in natural landscapes has far 
reaching ecological effects on many taxa (James, Lansberg & Morton 1996; 
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James, Landsberg & Morton 1999; Kingsford 2000; Newsome et al. 2013) and in 
the agricultural landscape the more restricted range of Pacific black duck may be 
influenced by the abundant availability of farm dams (Figure 5.2). This suggests 
that in this landscape there is less imperative to undertake long distance movement 
than might be expected in an arid landscape (Dean, Barnard & Anderson 2009)
and individual birds are freer to explore their local landscape without the 
constraints that shape the movement patterns of birds in the arid landscape 
(Roshier, Doerr & Doerr 2008).
5.5 Conclusions
The distribution and predictability of resource patches in a landscape has long 
been known to shape the movement behaviour of many animals. In this chapter 
the broad patterns of movement of Pacific black duck in two contrasting 
landscapes were compared. While the agricultural and arid landscapes differ in 
numerous ways the underlying distribution and predictability of suitable habitat 
patches were assumed to be the strongest drivers of these landscape level patterns 
of movement. The findings from this chapter show that this generalist species of 
dabbling duck displays a large range in an arid landscape but with few individuals 
displaying high mobility within that range and highly coordinated choices of 
movement direction and distance among individuals. In the agricultural landscape, 
where anthropogenic water sources are abundant and annual rainfall is more 
predictable, Pacific black duck cover a smaller total range but show high 
variability between individuals in their mobility with little or no coordination 
among individuals.  These findings suggest that Pacific black duck display 
phenotypic flexibility in their movement behaviour to cope with the challenges 
and opportunities presented by different levels of predictability and persistence of 
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resources, conclusions which are supported by theoretical work of Mueller and 
Fagan  (2008) and Berbert and Fagan (2012).
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6.1 Summary of Findings
Findings from Chapter 2 showed that the movement decisions of Pacific black 
duck in the arid regions of inland Australia display behavioural flexibility in the 
timing of movement. Similar flexibility can be seen in migratory species which are 
forced to cross arid landscapes in other parts of the world, such as redstarts
(Phoenicurus phoenicurus) that have to move at night (Coppack, Becker & Becker 
2008) and osprey (Pandion haliaetus) that search for water bodies in transit of the 
Sahara, making numerous false starts (Klaassen et al. 2008; Klaassen et al. 2011).
For Pacific black duck, diurnal movement behaviour was almost entirely sedentary 
in nature. Only one diurnal movement covering more than 20 km in a two hour 
period was recorded. The ratio of displacement between day and night shifted 
dramatically towards nocturnal behaviour following major rainfall, as birds 
devoted more time to exploring their local landscape at night. The extent of 
nocturnal behaviour in this species suggests functional advantages to flying at 
night, such as the need to maintain a low body temperature and/or minimise water 
loss by flying at night.  However the specific characteristics of flight (low altitude 
movements rarely more than 100km at a time, see Appendix 1) suggest movement 
at night may also be influenced by diurnal raptors, being the main native predators 
of this species. This study is the first to demonstrate that non-migratory waterfowl 
adjust levels of nocturnal behaviour in response to habitat creation brought on by 
heavy rainfall. The distance moved by Pacific black duck was seen to increase 
rapidly following large scale environmental changes as they undertook exploratory 
movements and most of this movement occurred at night.  
In Chapter 3, a range of analytical techniques were used to infer behavioural 
states of Pacific black duck from GPS tracking data. The detection of behavioural 
change points allowed for the characterisation of distinct phases of movement 
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behaviour. By far the most common behavioural phase for Pacific black duck was 
sedentary behaviour with some individuals spending more than a year in a very 
restricted area. A key finding from this chapter was the identification of an 
exploratory phase of behaviour in this species. The results showed that this 
nomadic species of waterfowl engage in extended bouts of exploratory behaviour 
around their local landscape. This behaviour is similar to other nomadic species of 
birds, which are thought to use times of local abundance to engage in exploratory 
flights in order to reduce the risk of unprofitable search behaviour in the future 
(Bennetts & Kitchens 2000; Roshier, Asmus & Klaassen 2008; Bowling, Martin 
& Kitchens 2012).
The rarest, but perhaps most significant, phase of behaviour identified in this 
species was one of long distance oriented movement across the arid interior of 
Australia. When Pacific black duck travel long distances across the arid interior 
they do so in a rapid and oriented fashion. Analysis of variance in first passage 
time showed peaks of area restricted movement behaviour on the local scale (10-
60km radius) but at the landscape scale (>100 km radius) there was no discernible 
search pattern. Flights on this scale are rapid and oriented in a consistent direction. 
The exploratory bouts of movement on the local scale observed to precede long 
distance movement may inform their movement decision but the mechanism by 
which these birds navigate towards their eventual destination remains unclear. 
Locating distant ephemeral habitat patches could be achieved by a number of 
mechanisms. Pacific black duck could be following a gradient of environmental 
conditions, following along a recent floodplain until they alight at the habitat patch 
which meets their threshold for breeding or foraging habitat. It is also possible that 
they navigate by external visual or sensory cues (Akesson & Hedenstrom 2007)
Chapter 6: General Discussion
165
acting over long distances by employing some degree of spatial memory whereby 
large water bodies are used as navigation beacons similar to staging areas on a 
migratory flyway (Fagan et al. 2013). Their flight characteristics (see Appendix 1) 
however, make it difficult to see how Pacific black duck would be able to perceive 
water bodies from any great distance as they commonly fly low to the ground and 
in short, direct bursts. A further mechanism that could affect the observed 
orientation of their movement pattern is that individuals navigate by gathering 
information from conspecifics or heterospecific individuals. While anecdotal 
observations suggest that this species moves in relatively small groups (6-10 
individuals) and tracking data rarely showed flocking behaviour it is possible that 
Pacific black duck use the departure of more social species such as pink-eared 
duck (Malacorhynchus membranaceus) and grey teal (Anas gracilis) as a trigger 
for their own movement or perhaps navigate towards areas with large aggregations 
of soaring pelicans and cormorants which can be seen for many kilometres around 
freshly flooded water bodies. It was beyond the scope of the present study to 
determine the mechanism or combination of mechanisms by which Pacific black 
duck are able to successfully navigate toward their destinations across a hostile 
landscape matrix. 
In Chapter 4, I used algorithmic methods to identify the environmental and 
meteorological conditions that predict transitions between phases of movement 
behaviour in Pacific black duck in stochastic arid environments. Cues such as 
local temperature, air pressure and recent rainfall, may not be the only drivers of 
changing movement behaviour but they clearly exert an influence on the 
movement decisions of this species. The initiation of exploratory movement 
correlated with changes in local weather conditions such as atmospheric pressure, 
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maximum daily temperature and local cumulative rainfall. My findings support 
those from previous studies (Bennetts & Kitchens 2000; Oppel, Powell & Dickson 
2009) that highlighted the importance of exploratory movement preceding long 
distance flight in avoiding unprofitable flights in future. Previous studies have 
suggested that nomadic birds may respond to distant cues (Simmons, Barnard & 
Jamieson 1999) and have identified a correlation between long distance movement 
and distant rain events (Roshier, Asmus & Klaassen 2008). In this study I identify 
for the first time specific local cues on a 24 hour scale that influence the decision 
to initiate long distance oriented movement in a nomadic species of waterfowl. 
While distant cues are likely to play a part in their choice of destination my 
findings suggest that nomadic waterfowl are able to infer from their local 
landscape the likely condition of distant locations as suggested for nomadic 
ungulates (Fryxell, Wilmshurst & Sinclair 2004; Bartlam-Brooks et al. 2013).
This would depend on the conditions of their local landscape being reliably 
correlated with conditions at distant locations (Bauer et al. 2011; Milner-Gulland, 
Fryxell & Sinclair 2011), which may not be the case in stochastic arid landscapes.
In Chapter 5 a larger number of GPS trackers were deployed on Pacific black 
duck in two distinct landscape types. A comparison of the spatial ecology of the 
two groups of birds shows that in the arid landscape birds appear to be much more 
coordinated in their movements, indicating a greater level of constraint on the 
direction and distance over which they can move and still locate viable habitat.
Pacific black duck living in a more homogenous landscape with abundant and 
stable resources appear to move over a smaller total area but with a higher degree 
of individual variation in their use of that area. This indicates that this widespread 
Anas species has the tools to adapt movement strategies to face various kinds of 
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landscape structure and resource predictability. The observed differences between 
groups of birds in these two landscapes are likely driven by flexibility at the 
individual level in terms of their response to their environment within which they 
find themselves. Although populations of Pacific black duck within continental 
Australia are not considered to be significantly genetically differentiated (Rhymer, 
Williams & Kingsford 2004), there remains some uncertainty in the literature 
(Joseph & Omland 2009) and it is possible that there are subtle underlying genetic 
differences between these groups of Pacific black that may also have had some 
influence on their movement behaviour. For example, the degree of hybridisation 
with invasive species such as the mallard (Anas platyrhynchos) may differ 
between these populations (Taysom, Johnson & Guay 2014), but to test this was 
beyond the scope of this thesis. In the arid landscape long distance flights were 
more common than in the agricultural landscape and likely influenced by the more 
dispersed spatial arrangement of suitable water bodies compared to the 
agricultural landscape. However, although a small number of birds made the 
decision to undertake long distance movement, the majority settled on a sedentary 
movement strategy preferring to remain at or near more predictable (if less 
productive) man-made water infrastructure. I suggest that were it not for the 
presence of manmade water bodies in the form of farm dams and sewage works a 
greater proportion of tracked birds would be observed undertaking long distance 
flights. 
6.2 Implications of This Work
In general terms this thesis supports a shift in focus away from assigning fixed 
movement strategies to individuals or populations and instead supports findings 
from studies that suggest that observed patterns of movement are best viewed as 
the outcome of flexible responses to environment rather than a fixed inherited 
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movement strategy (Roshier, Doerr & Doerr 2008; Mueller et al. 2011).
Contemporary thinking on movement ecology has moved away from describing 
observed patterns of movement as part of a distinct movement strategy and instead 
movement behaviour is generally accepted to exist on a continuum from advective 
to totally dispersive movement (Roshier & Reid 2003; Jonzén et al. 2011; Newton 
2012). The position of a species or an individual along this movement behaviour 
continuum can be considered as a manifestation of behavioural responses to 
fluctuating environmental conditions such as resources distributions (Bennetts & 
Kitchens 2000; Clulow et al. 2011; Bartlam-Brooks et al. 2013) and predation 
(Daly et al. 1992; Guillemain et al. 2007a; Brana, Prieto & Gonzalez-Quiros 
2010), and internal drivers such as physiology (Klaassen 1996; Guglielmo et al.
2002; Weber 2009) experience and spatial memory (e.g., Fagan et al. 2013). The 
findings presented in this thesis suggest that the position of an individual or 
species along any such continuum can shift repeatedly throughout a lifetime or 
even within a season.  This thesis shows how a common waterfowl species from a 
globally distributed genus can utilise a range of movement behaviours to cope 
with the rapid environmental change of unpredictable arid landscapes as well as 
more stable and homogenous agricultural environments. Pacific black duck show 
protracted periods of sedentary behaviour interspersed with bouts of exploratory 
behaviour and rare but important bouts of oriented movement across vast 
distances. 
For the first time this study identifies a suite of interacting local meteorological 
and habitat conditions which can be used to predict changes in movement 
behaviour in a nomadic waterfowl. These results contribute to our understanding 
of how individual flexibility shapes the observed patterns of movement of 
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populations by demonstrating differing levels of realised mobility and co-
ordination among individual birds of the same generalist species living in 
landscapes with contrasting resource distributions (Winkler et al. 2014).  In this 
thesis, the nocturnal behaviour of nomadic waterfowl is further elucidated 
showing continuous movement throughout the night and extensive nocturnal 
exploratory behaviour which is in contrast to many studies which support the 
hypothesis of movement within the restricted window of the hours surrounding 
sunrise and sunset (Cox & Afton 1996; Rodway & Cooke 2001; Davis & Afton 
2010). This thesis is the first to demonstrate an increase in exploratory behaviour 
of birds in response to irregular rain/flooding, as opposed to the prevailing 
paradigm of increased nocturnal behaviour being entrained to photoperiod as 
commonly seen in migratory birds (Gwinner 1996; Kumar, Rani & Singh 2006; 
Bradshaw & Holzapfel 2007; Newton 2010; Cornelius & Hahn 2012).
After a study period of more than three years I have developed a rich and 
unprecedented dataset describing the movement behaviour of a nomadic 
waterfowl in Australia. The overall picture that emerges is of a species that
displays a high degree of plasticity in its behavioural phenotype. The Pacific black 
duck is capable of responding rapidly and adjusting movement behaviour in 
response to pulses of abundance and predictability of resources within the 
landscape, short term changes in daily weather conditions and the presence or 
absence of manmade water bodies. In the context of the theoretical framework 
proposed by Nathan et al (2008), this thesis addressed the external environmental 
factors that may influence movement behaviour. The observed patterns of 
movement (particularly in the arid landscape) are also likely to be influenced by 
factors that were beyond the scope of this thesis such as the physiological and 
Chapter 6: General Discussion
170
physical trade-offs related to long distance flight, as with many species. Given the 
high level of inter individual variability in movement decisions displayed by 
Pacific black duck after accounting for external meteorological and environmental 
cues I find support for the proposal of Nathan et al (2008) which suggests that 
movement patterns are a result of complex interplay between mechanistic internal 
components of movement and external factors.
Taking into account the findings of previous chapters including a nocturnal bias 
in long distance movement (Chapter 2), the consistent identification of a phase of 
exploratory behaviour (Chapter 3) and the influence of environmental variation on 
different temporal scales on perceived movement patterns (Chapters 4 and 5), a 
complex picture of the movement behaviour of nomadic waterfowl begins to 
emerge. This species appears to make movement decisions based on range of 
external and internal cues. In order to succeed within a range of ecosystems, from 
an often harsh and highly variable arid landscape to a more stable agricultural 
landscape, Pacific black duck can shift between phases of movement to suit the 
conditions. Our understanding of this species now goes beyond simplistic ideas of 
sedentary, migratory or nomadic populations and reveals a level of individual 
flexibility that influences patterns of space use at the population level. The results 
of this thesis also highlight a level of behavioural flexibility in a common species
which should be taken into account when drawing conclusions about the 
migratory, sedentary or nomadic status of other Anas species in different biomes.
6.3 Limitations of This Study
While this study provided unique insights into the movement decisions of 
nomadic birds and the ecology of waterfowl in non-seasonal environments, as 
with any study, there were certain limitations to the work.  In the initial phase of 
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the study limited numbers of waterfowl at the Roxby Downs trapping location led 
to low trapping success with only two individual tagged in the first year.  The 
remaining 18 individuals were tagged within a short period in December 2011 
with trapping at the agricultural study site of Clare occurring in May 2010 and 
several trackers recovered from individual ducks throughout the study were 
redeployed at different times throughout the study period. This asynchronous 
deployment of GPS trackers and the variable survival of individuals limited the 
inference that could be made concerning responses to specific weather events 
where analysis was limited to those individuals that were present within the same 
area at the same time.  However, even within the periods of the study where the 
majority of birds were tracked simultaneously, the observed patterns of movement
were highly individualistic (Chapter 3). 
As shown in Chapter 3, sedentary behaviour was the most common phase of 
behaviour displayed by Pacific black duck with long distance movement 
representing a rare subset of their movement behaviour. The rarity of these events 
lead to a highly unbalanced dataset when converted to a binary response variable 
indicating a shift from sedentary to long distance oriented movement. Random 
forest modelling was used to account for the unbalanced nature of the dataset as 
well as the correlation between predictor variables. Bayesian methods of analysis 
such as Markov Chain Monte Carlo (MCMC) may perform better in the analysis 
of such datasets but were beyond the scope of this study. Random forest methods 
were chosen for their flexibility in handling non-normally distributed data and
providing output which is intuitively easier to interpret by ranking predictors in 
order of their influence on the response. These methods have been increasingly 
applied in studies dealing with complex data sets generated by field ecology 
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(Cutler et al. 2007; Elith, Leathwick & Hastie 2008; Oppel, Powell & Dickson 
2009).
It should be acknowledged that the majority of these data were collected during a 
period of extreme flooding conditions and rare productivity in the arid zones of 
inland Australia. I have therefore, only been able to examine the movement 
decisions that Pacific black duck make when resources are abundant and there is a 
relatively high degree of connectivity between suitable habitat patches. In arid 
ecosystems the much more common state is one of drought. I have not been able 
to track the movement choices of Pacific black duck as they face the strong 
pressure to leave an area in order to survive. Therefore I have not had the 
opportunity to observe the kind of dynamics seen by Dean et al (2009) where
departure decisions towards the end of a flooding cycle are likely to be very 
different to what I have recorded here. It is likely that at the end of a flood cycle
there would be an even greater degree of movement co-ordination between 
individuals in the arid landscape. However, it should be noted that the presence of 
manmade water infrastructure in the arid landscape would likely ameliorate to 
some degree the pressure on Pacific black duck to leave a given area in a drought 
period. 
During the course of this study it was not always possible to gather blood 
samples in the field from trapped birds. Sexing of pacific black duck by 
morphometrics alone is unreliable and extraction of DNA from feather samples 
proved unsuccessful. Hence, the sex of only a small number of individuals was 
known and sex was not included as an explanatory variable in any of the analyses 
presented.  Similarly, aging of Pacific black duck was problematic as no reliable 
moult pattern exists that can be used to distinguish individuals by age, beyond 
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juvenile or adult. As the GPS transmitters attached weigh 22g and 30g and were 
attached with a harness it was not possible to tag any known juvenile birds both 
because of weight restrictions but also the possibility that with rapid growth he 
harness could become restrictive. Therefore, all birds in the study were assumed to 
be adults of unknown age, sex and experience.  This presents a significant 
limitation to the ecological questions which can be answered with this data set. 
While the use of solar powered GPS trackers in the high light intensity and 
cloudless environment of the Australian arid zone allowed for a relatively 
aggressive GPS acquisition rate (every 2 hours) there were limitations to their use. 
GPS units, even under optimal conditions, will occasionally drop fixes for a 
number of reasons including loss of power from solar cells. The deployed units 
performed well in the arid landscape however; in the agricultural landscape 
transmitter power was observed to drop rapidly over a series of cloudy days 
leading to more gaps in the data set. The statistical analysis conducted on the GPS 
data accounted as much as possible for gaps in the data. While an acquisition rate 
of one fix ever two hours is considered ambitious for a solar powered GPS 
transmitter, it does not allow for any analysis of truly fine scale spatial behaviour 
such as foraging within a given water body, behavioural interactions between 
individuals or breeding behaviour. To analyse movement over a prolonged period 
on such a fine scale a much higher acquisition rate would be required, as is 
currently only available with the use of data loggers that do not transmit via 
satellite and require recapture of individuals or predictable visits to a known 
location (e.g., colonial animals or central place foragers). The logistical difficulties 
of carrying out research in remote arid landscapes combined with the 
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unpredictable nature of animal movement in this landscape rule out the use of 
technologies that require recapture or even regular resighting of individuals.  
Another limitation of the GPS data was in acquiring altitude data. It became clear 
during the course of this study that flights made by Pacific black duck consisted of 
a series of rapid flights using small ponds and creeks as ‘stepping stones’ towards 
larger water bodies. The likelihood of a bird being mid-flight when the GPS fix 
was taken every two hours was low. This limited altitude data recovered does 
suggest low level flight (mean altitude of 38 m in the arid landscape and 80 m in 
the agricultural landscape, see Appendix 1) but to further investigate the flight 
characteristics of this species a more frequent logging of GPS fixes would be 
required which would not be possible with a nomadic species, as mentioned 
above.
6.4 Suggestions for Further Work
This thesis suggests that rather than employing a fixed movement strategy, the 
same species can show highly flexible and individualistic movement patterns 
depending on the environmental conditions in which it finds itself. Given that this 
species is a representative of a widespread genus found in many different biomes 
it is unlikely that this phenotypic flexibility is a species specific response to the 
landscape in which it evolved. Rather, it is more likely that many species have a 
suite of potential responses which can be deployed under different conditions. 
With predicted increases the severity and decreases in the predictability of extreme 
weather events (IPCC 2013) it is imperative that we investigate the response of 
animals to these changes. Further studies on the movement behaviour of species 
already living in arid and largely unpredictable environments should lead to a 
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better understanding of how different species might cope with rapid environmental 
change. 
Future studies could further develop a unified theoretical framework for 
movement ecology of birds which fully integrates the different movement 
responses of animals to varying resource distributions and no longer focuses 
largely on migratory responses to seasonal fluctuations. This could be partly 
achieved  by comparing movement patterns of Pacific black duck with other 
closely related species such as mallard (Anas platyrhynchos) (Van Toor et al.
2013) and gadwall (Anas strepera) (Gehrold et al. 2014) in temperate ecosystems,  
red bellied teal (Anas erythrorhyncha) in tropical ecosystems (Cumming, Gaidet 
& Ndlovu 2012) and northern pintail (Anas acuta) in arctic ecosystems (Miller et 
al. 2005).
While this study has provided several novel insights into the movement 
behaviour of highly mobile animals in response to rapidly changing resource 
distributions, many questions remain regarding the ability of nomadic birds to 
respond rapid changes in their environment. While this study provided evidence of 
influence of changes in short term meteorological conditions on the movement 
decisions of nomadic waterfowl, these predictors were only ranked in order of 
their relative importance and the absolute strength of that influence remains 
unknown.  Furthermore, even though these meteorological changes and regional 
habitat conditions can be used to predict a change in movement behaviour, they 
may not necessarily be the proximate drivers of movement. Pacific black duck 
may be responding directly to some other environmental covariate that is in fact 
causing the observed changes in movement behaviour. Future work could explore 
other causes of variation in the movement patterns of arid zone waterfowl 
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including physiological variables such as reproductive state, age and body 
condition.  
As mentioned above, Pacific black duck were tracked during an unusual period 
of habitat creation due to regional flooding. Therefore, an obvious extension of 
this study would be to deploy GPS trackers on birds as the arid landscape begins 
to dry. By tracking more individuals as a prolonged drought becomes established, 
and closely monitoring food availability and habitat quality in ephemeral wetlands 
it would be possible to identify the point along the ‘boom and bust’ cycle at which 
nomadic waterfowl choose to abandon a habitat patch and undertake long distance 
movement.  As shown in Chapter 3 with analysis of first passage time, when 
moving across the landscape at scales of >100 km Pacific black duck appeared to 
move in a rapid and direct fashion and showed no discernible pattern of area 
restricted search behaviour at  this scale. It is plausible that due to extreme 
flooding, the abundance of profitable habitat patches was such as to negate the 
need for spending large amounts of time searching for new patches. In drier 
conditions, viable habitat patches would be separated by greater distances and may 
require more effort to be expended searching at the landscape scale. 
The relatively recent arrival of European settlement and agriculture in Australia’s 
arid interior has led to a proliferation of small permanent water sources in the form 
of farm dams and sewage works patchily distributed across the inland. Studies on 
the ecological impact of anthropogenic water sources in Australia’s arid 
landscapes have focussed on the degradation of habitats through increased grazing 
and the spread of invertebrates (James, Landsberg & Morton 1999) or on the 
population dynamics of predators (Newsome et al. 2013).  Future work could 
investigate the effect that these anthropogenic water sources have on the spatial 
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ecology of arid zone waterfowl, particularly during a drought period, by providing 
a network of small permanent water bodies throughout the arid landscape. As 
remotely sensed data become more freely available and the spatial resolution of 
available images increases it should become easier to map these small water 
bodies and their relationship to the movement patterns of individually tracked 
birds. 
Of particular conservation interest would be the degree to which putatively pure 
populations of Pacific black duck in the arid interior of Australia have hybridised 
with invasive mallard populations (Guay & Tracey 2009). The GPS tracking data 
from this study has demonstrated that individual birds move between known
centres of hybridisation (e.g., Adelaide, South Australia) and more remote areas. It 
may be possible that cryptic hybrids exist within these ‘pure’ populations 
(Taysom, Johnson & Guay 2014) and the dispersal of hybrid individuals into the 
arid landscape is potentially assisted by anthropogenic water sources providing 
connectivity between remote areas and known hybrid zones.
The field of movement ecology is rapidly progressing, partly driven by 
increasingly sophisticated technology. This thesis focussed entirely on external 
drivers of movement in an animal’s environment while it has long been 
acknowledged that internal drivers are equally important in determining observed 
patterns of movement (Nathan et al. 2008). Recent advances in the area of bio-
telemetry should allow tracking the physiological state of an animal in real time 
and transmitting that data along with GPS positioning, rather than a snapshot of an 
individual’s condition at one or both ends of a long distance journey. Future 
studies on nomadic or migratory species could provide detailed insights into the 
influence of internal state of movement patterns.
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Future studies could also compare movement of Pacific black duck with that of 
other arid zone species. This thesis was carried out as part of a larger research 
project which also includes GPS tracking of black swan (Cygnus atratus), which 
have different food and habitat requirements to Pacific black duck and analysis of 
that data is underway. Further work should include a broader comparison of other
waterfowl species such as pink-eared duck (Malacorhynchus membranaceus) and 
grey teal (Anas gracilis). Simultaneous tracking of birds form different species 
experiencing the same fluctuations in habitat quality and resource distributions 
could uncover different strategies for survival in arid landscapes and also any 
potential role for information gathered from the movement of other species on the 
movement patterns of nomadic waterfowl. 
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Appendix 1: Summary Data from GPS Tracking of Pacific Black 
Duck (Anas superciliosa)
Table 1: Summary of tracking data for all birds tracked during the study. N/A indicates either no in-flight records for that individual or the 
transmitter used (22g GPS) was not capable of recording altitude.
ID Release 
Site
Maximum Daily 
Displacement 
(km)
Mean  Daily 
Displacement (km)
Maximum Distance From 
The Origin (km)
Maximum 
Speed (km/h)
Maximum 
Altitude (m)
No. Days 
Tracked
96585 Roxby 18.29 1.77 25.64 39.00 63 42.74
96586 Roxby 463.63 7.85 468.22 78.00 40 317.43
103419 Roxby 25.26 1.29 33.95 78.00 73 184.15
103420 Roxby 1.43 0.45 1.45 80.00 17 18.31
103421 Roxby 14.35 1.78 22.13 68.00 25 38.60
103422 Roxby 39.58 1.75 46.06 79.00 65 348.56
103423 Roxby 59.44 4.14 64.10 87.00 57 68.31
103424 Roxby 77.75 2.37 89.13 88.00 N/A 174.98
103425 Roxby 159.08 4.07 182.56 50.00 N/A 297.65
103426 Roxby 186.65 2.35 215.96 56.00 N/A 252.15
103427 Roxby 245.97 6.56 461.24 83.00 N/A 232.48
103428 Roxby 21.92 0.95 26.08 56.00 N/A 209.10
103421RED Roxby 1.37 0.76 1.34 2.00 18 5.31
103423RED Roxby 55.84 2.87 36.14 71.00 25 206.27
96585RED Roxby 76.99 4.85 177.23 77.00 17 78.31
96585RED_
2
Roxby 1.18 0.11 1.42 72.00 31 69.73
96586RED Roxby 9.35 0.72 18.58 80.00 22 93.52
99020RED Roxby 170.46 2.24 164.21 68.00 35 89.10
99023RED Roxby 139.52 8.98 177.77 2.00 35 143.85
99035RED Roxby 25.04 1.70 25.56 79.00 57 165.23
99019 Clare 92.47 1.81 126.05 116.00 65 277.07
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99020 Clare 0.30 0.04 0.33 30.00 N/A 9.90
99021 Clare 275.98 2.77 372.65 91.00 131 594.89
99022 Clare 6.06 0.76 7.98 75.00 33 187.55
99023 Clare 11.00 1.27 17.14 85.00 62 144.70
99024 Clare 29.58 1.14 33.28 75.00 15 630.70
99026 Clare 6.15 1.08 5.82 2.00 N/A 16.54
99027 Clare 133.49 1.72 131.31 98.00 651 666.62
99028 Clare 7.72 0.66 13.15 60.00 43 168.06
99029 Clare 12.67 1.12 15.81 78.00 135 130.09
99030 Clare 36.14 0.77 36.70 75.00 53 367.79
99031 Clare 0.51 0.12 1.90 42.00 N/A 56.28
99032 Clare 2.86 0.28 2.59 49.00 2 139.94
99033 Clare 7.56 1.22 8.22 64.00 33 26.26
99034 Clare 12.91 0.84 12.93 34.00 24 64.17
99035 Clare 36.02 1.37 36.70 77.00 26 184.26
99036 Clare 2.44 0.26 4.22 60.00 23 120.76
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Appendix 2: First Passage Time (FPT) Analysis for Birds Released 
at Roxby Downs
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Figure 1: Variance in First Passage Time (FPT) plotted against spatial scale (km) for birds released at Roxby Downs. A maximum in the variance 
in FPT suggests that the bird was concentrating search effort at this scale (Area Restricted Search - ARS). Analysis of ARS was carried out at 
radii from 10-500km, shown above. Seven individuals did not move more than 2km from the release point  during the study and were excluded 
from this analysis.  All birds displayed a peak in variance of log (FPT) at medium scales (10-30km). No ARS was detected for any bird at scales > 
40 km suggesting that long distance movement in these birds is not associated with large scale searching. Any birds which showed ARS 
behaviour at scales of >20km were further investigated at a fine scale (1-30km) in case fine scale patterns were masked by large scale patterns of 
ARS.
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Appendix 3: Correlation of Predictors in Random Forest Models
Figure 1: Scatterplot matrix showing correlation between predictor variables used in random forest analysis. Histograms for each variable are 
shown along the diagonal with pairwise scatter plots in the bottom left corner and Spearman correlation coeficient in the top right corner. 
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Appendix 4: Estimation of Home Range 
Size Using Different Methods
Figure 1: Original trajectory and home ranges produced form the GPS locations of one 
individual using different methods. A) Trajectory of one individual (ID#103427) that left 
Roxby Downs in a direct flight to the region of Lake Gregory and in a later journey 
moved towards Cooper Creek, B) 95% Utilisation Distribution using kernel density 
estimation. Based on the density of points this identifies areas of intensive utilisation 
within the core home range. Home range size: 59,920.28 km2. C) 95% Utilisation 
distribution using Brownian Bridge (BB). Based on the individual trajectory and models 
the possible distribution of space use between known locations assuming Brownian 
motion between points. Home range size: 10,231 km2. D) 95% Utilisation distribution 
using Dynamic Brownian Bridge modelling. Similar to BB, but takes into account 
different phases of behaviour when modelling the space use between GPS locations. 
Home range size 10,631 km2
